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Abstract 
Microbial electrochemical technologies (METs) have great potential to enhance bioproduction of 
chemicals and biofuels. In particular, microbial electrosynthesis (MES) can drive electrochemically 
a desired metabolic production route in a cell by empowering microorganisms to use an anode as an 
electron sink or a cathode as an electron source in a bioelectrochemical system (BES). However, this 
emerging biotechnology is still in its initial stage and many knowledge gaps need to be addressed 
before MES can be applied on an industrial scale. Therefore, this thesis highlights the benefits and 
limitations of anodic and cathodic MES processes and studies them in depth to gain novel knowledge 
on this technology. 
In order to optimize a MES process, the underlying mechanisms of electron transfer between 
microorganism and electrode need to be fully understood. In this light, this work analyses various 
electron transport mechanisms of different microorganisms and discusses their potential advantages 
and limitations for use in a BES. In particular, the focus lies on microbial interaction with the 
electrode via extra- and intracellular electron-carrier molecules (e.g. cytochromes, ferredoxins, 
quinones, flavins) and the electrical influence on the cellular redox state and energy level. 
Based on the review of electron transport mechanisms for METs, the industrial important bacterium 
Corynebacterium glutamicum, was chosen as a microorganism example to demonstrate an anodic 
process. Growing aerobically, the amino acid producer relies on oxygen as terminal electron acceptor, 
which limits product yields through substrate loss in form of CO2. Therefore, an anaerobic process 
was established using an anode in a BES as the final electron acceptor. In order to enable electron 
transfer between cells and the anode, the mediator ferricyanide was introduced in the BES as an 
electron-shuffle molecule. In this way, the anoxic character of C. glutamicum was improved by 
stabilizing its redox and energy state resulting in enabled anaerobic cell growth, faster glucose uptake 
and enhanced production of organic acids and the amino acid L-lysine (feed additive) as compared to 
the anaerobic cultivation conditions without a suitable external electron acceptor. 
On the other hand, as an example for a cathodic process, this thesis demonstrates the cultivation of 
an open microbiome enriched with Clostridium spp. in a BES to allow the conversion of the 
greenhouse gas CO2 into multicarbon compounds using the cathode as the sole electron source. 
However, the reported product spectrum of MES was so far mainly limited to acetic acid, which 
production in a BES is economically not very attractive. Therefore, this thesis investigated also into 
specific cultivation conditions to broaden the MES product spectrum toward products with higher 
economic value and higher industrial interest as compared to acetate. In particular, mildly acidic pH 
condition (pH of ~5) triggered a metabolic shift in the microbial community from the production of 
mostly acetate through acetogenesis, to ethanol through solventogenesis. In turn, the simultaneous 
presence of acetate and ethanol led to the production of the platform chemicals butyric, isobutyric, 
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and caproic acids and their corresponding alcohols (potential biofuels) via the reverse β-oxidation 
pathway and via sequential solventogensis, respectively. 
However, the synthesis of carboxylic acids and alcohols requires different specific environmental pH 
conditions to achieve an optimal production process. In fact, a stable neutral pH is required to obtain 
high titers of carboxylic acids in a bioreactor without an integrated inline extraction. In contrast, a 
premise for alcohol production via solventogenesis is mildly acidic pH. Hence, providing optimal 
conditions to favor all production steps simultaneously is challenging, and typically leads to reactors 
that are operated under suboptimal conditions. This issue of competing pH requirements was 
addressed by introducing an innovative three-chamber electrochemical system design comprising of 
two biological cathode chambers and one abiotic anode compartment. This new design achieves the 
physical separation of acetogenesis/chain elongation from solventogenesis, and allows their operation 
under optimal conditions without the requirement of acid/base dosing by fine-tuning the pH through 
a combination of electrochemical control, electromigration, and gas sparging. 
This work demonstrates the great potential of METs for bioelectrochemical synthesis of industrially 
relevant chemicals and highlights the benefits as well as the limitations of this emerging 
biotechnology. In addition, the analysis of the proposed oxidative and reductive MES processes on a 
reactor-engineering level and on a cellular level via metabolomics and metagenomics will add an 
important piece of fundamental and engineering understanding of MES to the research community, 
thus will support further development of this technology to bring MES one step closer to real-life 
applications. 
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detailed discussion and references refer to main text. 
 
Figure 19: Graphical abstract of section 4.2. Anodic electro-fermentation enabled C. glutamicum 
anaerobic growth and enhanced glucose consumption, production of organic acids and L-lysine. The 
bacterium used ferricyanide as an alternative electron acceptor, which was continuously re-oxidized 
by an anode in a BES. 
 
Figure 20: (A) Microbial electrochemical characterization of the interaction with the anode via 
K3[Fe(CN)6] acting as a mediator (blue line) and lacking the mediator (red line). Data have been 
averaged from 4 biological replicates and the standard deviations are represented as yellow and grey 
areas, respectively. (B) Abiotic electrochemical characterization of the mediator (1.5 mM 
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K3[Fe(CN)6]) via CV using carbon cloth as the working electrode. CVs were done at scan rate of 0.5 
mV/s within a potential window between 0 and 0.8 V vs. SHE at pH 7.2 and 30 °C. 
 
Figure 21: Anodic enhancement of growth and glucose consumption. Time courses of (A) anaerobic 
bacterial growth and (B) glucose consumption of C. glutamicum lysC in a BES under 3 different 
conditions: 1) With addition of K3[Fe(CN)6] and poised potential at +0.697 V vs SHE (blue circles). 
2) With addition of K3[Fe(CN)6] but operated under an open circuit (orange squares). 3) No addition 
of K3[Fe(CN)6] and operated under an open circuit (green triangles). Grey area indicates time frame 
when glucose was consumed under condition 1). Data have been averaged from 4 biological replicates 
for each condition. 
 
Figure 22: Anodic enhancement of organic acid and amino acid production. Time course of main 
organic acid (A-C) and amino acid (D-F) produced during anaerobic fermentation of C. glutamicum 
lysC in a BES under 3 different conditions: 1) With addition of K3[Fe(CN)6] and poised potential at 
+0.697 V vs SHE (blue circles). 2) With addition of K3[Fe(CN)6] but operated under an open circuit 
(orange squares). 3) No addition of K3[Fe(CN)6] and operated under an open circuit (green triangles). 
Grey area indicates time frame when glucose was consumed under condition 1). Data have been 
averaged from 4 biological replicates for each condition. 
 
Figure 23: Effect of higher biomass inoculum on anodic electro-fermentation. Time courses of (A) 
bacterial growth and glucose consumption, (B) main organic acid and amino acid production of C. 
glutamicum lysC in a BES under anaerobic conditions and poised potential at +0.697 V with addition 
of K3[Fe(CN)6]. The BES was inoculated with an OD660 of 3.65. Grey area indicates time frame when 
glucose was consumed. Data have been averaged from 2 biological replicates. 
 
Figure 24: Anodic electro-fermentation in a well-established bioreactor.153 Time courses of (A) 
bacterial growth (OD600nm, diamonds) and current density (line), (B) main organic acid and L-lysine 
production of C. glutamicum lysC (high biomass inoculum) under anaerobic conditions and poised 
potential at +0.697 V with addition of K3[Fe(CN)6]. 
 
Figure 25: Schematic image of potential interaction sides of the terminal electron transport chain of 
C. glutamicum with K3[Fe(CN)6] acting as an external electron acceptor (mediator). By oxidizing 
substrates primary dehydrogenases (DHs) and/or oxidoreductases (ORs) could pass the obtained 
reducing equivalents straight to the mediator like succinate DH or to menaquinone (MQ). The reduced 
MQ, menaquinol (MQH2) could shuttle the electrons straight to the mediator or to terminal oxygen 
 XIX 
reductases, which could transfer the electrons further to the mediator. The super complex could 
couple this process with a creation of an electrochemical proton gradient across the membrane for 
energy conservation in form of ATP (adenosine triphosphate; ADP, adenosine diphosphate). The 
mediator is reoxidized by the anode (ox, oxidized; red, reduced). Red dashed lines indicate 
hypothetical electron and proton flow. 
 
Figure 26: Catabolism of glucose by C. glutamicum during anodic Electro-fermentation in a BES 
and its central metabolism. Enzymes are shown, which could potential contribute to the transport of 
reducing equivalents to the mediator (red lines). Abbreviations: ADP adenosine diphosphate, ATP 
adenosine triphosphate, CoA coenzyme A, e- reducing equivalents, GAPDH glyceraldehyde-3-
phosphate dehydrogenase, ICD isocitrate dehydrogenase, LDH lactate dehydrogenase, MDH malate 
dehydrogenase, MQO malate:quinone oxidoreductase, NAD+/NADH nicotinamide adenine 
dinucleotide (oxidised / reduced), NADP+/NADPH nicotinamide adenine dinucleotide phosphate 
(oxidised / reduced), NDH DH II NADH dehydrogenase II, P phosphate, PDH pyruvate 
dehydrogenase, PEP phosphoenolpyruvate, PQO pyruvate:quinone oxidoreductase, SDH succinate 
dehydrogenase, SQO succinate:menaquinone oxidoreductase. 
 
Figure 27: Graphical abstract of section 4.3. Reductive MES: Supply of electrical energy to a mixed 
reactor microbiome enabled a sustainable production of C2, C4 and C6 commodity chemicals and 
biofuels from CO2. 
 
Figure 28: Reductive MES by an open reactor microbiome. (A) Profiles of current density, charge 
transferred at the electrode, and charge recovered as multicarbon products vs the time. (B) 
Concentration vs time of volatile fatty acids, VFAs, and (C) alcohols. The BES was operated for a 
period of 462 days during which six semi-batch (SB) tests were performed. The potential of the 
working electrode (the cathode) was poised to −0.8 V, and CO2 was provided as the sole carbon 
source. 
 
Figure 29: Putative metabolic pathways for microbial electrosynthesis identified in the reactor 
microbiome. (A) Cathodically generated reducing power in a BES via electrochemically or 
bioelectrochemically produced H2, or potentially via direct microbial electron uptake. (B) Potential 
pathways converting CO2 (substrate circled in green) into short and medium carbon chains (products 
circled in orange). Blue highlighted pathway shows Wood–Ljungdahl pathway for fixation of CO2 
and synthesis of acetyl-CoA, which can be converted to acetate or ethanol (yellow highlighted). Green 
highlighted pathway represents the Ehrlich pathway for isobutyrate/isobutanol synthesis. Acetyl-CoA 
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can also be used for butyrate/butanol and caproate/hexanol production via reverse β-oxidation, 
highlighted in pink and grey, respectively. Enzymes, the ortholog genes of which were confirmed in 
the microbial community genome, are highlighted with a yellow border. The dashed yellow border 
indicates that the gene associated with that particular enzyme was not confirmed in the genome. ACD, 
acyl-CoA dehydrogenase; ACK, acetate kinase; ACS, acetyl-CoA synthase; ADH, alcohol 
dehydrogenase; ADHE, aldehyde-alcohol dehydrogenase; ALDH, aldehyde dehydrogenase; ALS, 
acetolactate synthase; AOR, aldehyde ferredoxin oxidoreductase; ATO, acetyl-CoA C-
acetyltransferase; BCD, butyryl-CoA dehydrogenase; BDH, butanol dehydrogenase; BUK, butyrate 
kinase; CoAT, acetate CoA/acetoacetate CoA transferase; CODH, carbon monoxide dehydrogenase; 
CRT, crotonase; Fd, ferrodoxin; FDH, formate dehydrogenase; FTS, formyl-THF synthase; HAD, 
hydroxyacyl-CoA dehydrogenase; HBD, hydroxybutyryl-CoA dehydrogenase; HYD, hydrogenase; 
ICM, isobutyryl-CoA mutase; ILVC, ketol-acid reductoisomerase; ILVD, ketoisovalerate 
decarboxylase; KIVD, alpha-ketoisovalerate decarboxylase; MTC, methenyl-THF cyclohydrolase; 
MTD, methylene-THF dehydrogenase; MTR, methylene-THF reductase; ox, oxidized; PFOR, 
pyruvate ferredoxin oxidoreductase; PTA, phosphate acetyltransferase; PTB, phosphate 
butyryltransferase; red, reduced. 
 
Figure 30: Graphical abstract of section 4.4. Reductive MES: Innovative three-chamber 
electrochemical system design comprising of two biological cathode chambers and one abiotic anode 
compartment. This original design achieves the physical separation of acetogenesis/chain elongation 
from solventogenesis, and allows their operation under optimal conditions without the requirment of 
acid/base dosing by fine tuning the pH through a combination of electrochemical control, 
electromigration, and gas sparging. 
 
Figure 31: Schematic representation of the microbial electrosynthesis reactor with dual biocathode 
for the production of organic acids at neutral pH and simultaneous reduction of the produced organic 
acids to the corresponding alcohols at mildly acidic pH. The anode chamber (AC1) contains a mixed-
metal-oxide anode catalysing water oxidation and is connected to two cathodes, which are poised at 
a negative electrochemical potential (≤ -0.80 V vs SHE) at alternating intervals. Both cathode 
compartments (CC1 and CC2) contain graphite granules as an inorganic catalyst and a mixed 
microbial community enriched with Clostridium spp. as biocatalyst.112 CC2 is maintained at neutral 
pH to promote the microbial conversion of carbon dioxide (CO2) and reducing equivalents into 
carboxylates, that are then transferred to CC1 by electromigration. Mildly acidic pH conditions in 
CC1 promote the conversion of the carboxylates into their corresponding alcohols via 
solventogenesis. CEM: cation-exchange membrane; AEM: anion-exchange membrane. 
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Figure 32: Production and migration of carboxylates and alcohols in the dual-cathode microbial 
electrosynthesis reactor. Abiotic batch A: acetate was added in CC2 to analyze its migration to CC1. 
Abiotic batch B: ethanol was added in CC1 and acetate was added to CC2 to analyze the simultaneous 
migration of ethanol and acetate across the membranes. Batch C with biotic CC2: no external addition 
of acetate or ethanol to evaluate the microbial electrosynthesis of acetate in CC2 and its migration to 
CC1. Batch D with biotic CC1 and CC2: no external addition of acetate or ethanol to demonstrate the 
microbial production of acetate, solventogenesis for alcohol production and carbon-chain elongation 
for the synthesis of C4 and C6 compounds as well as the migration of products across the membranes. 
CEM: cation exchange membrane; AEM: anion exchange membrane. 
 
Figure 33: Illustrative overview of main research outcomes linked to the research objectives (ROs)). 
e- = electrons; EET = extracellular electron transport; M = mediator; MET = microbial 
electrochemical technology; microbial electrosynthesis (MES); P = product; S = substrate; ox = 
oxidized; red = reduced. 
 
Figure A1: Time courses of trehalose production by C. glutamicum lysC in a BES under 3 different 
conditions (section 4.2): 1) With addition of K3[Fe(CN)6] and poised potential at +0.697 V vs SHE 
(blue circles). 2) With addition of K3[Fe(CN)6] but operated under an open circuit (orange squares). 
3) No addition of K3[Fe(CN)6] and operated under an open circuit (green triangles). Grey area 
indicates time frame when glucose was consumed under condition 1). Data have been averaged from 
4 biological replicates for each condition. 
 
Figure A2: The medium during reductive MES in the two-chamber BES (section 4.3) was 
periodically sparged with CO2, which was the sole carbon feedstock, and at the same time, it was 
used to regulate the pH of the medium. During three sparging periods (orange) and three non-sparging 
periods (blue), CO2 has been quantified in the reactor headspace via GC, to prove that CO2 was 
continuously available for MES. The remaining gas percentage was measured as a gas mixture of H2 
and N2. 
We confirm, that CO2 was continuously available during sparging periods (1-3 days) and non-
sparging periods (1-3 days). If we assume that during each sparging event the medium at 35°C was 
saturated with CO2, then 25.11 mM of carbon (mM-C) could be dissolved in the medium.
1 In that 
way, we achieved a conversion of CO2 into multi-carbon compounds reaching a total concentration 
of 125.6 mM-C in SB-I (excluding cell biomass), which increased over the course of the reactor 
operations to 422.6 mM-C in SB-VI (Table A2). 
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Figure A3. VFA (A) and alcohol (B) production spectrums of an abiotic electrochemical control 
experiment (without inoculum of mixed culture, but poised cathode at -0.80 V) and a biotic open 
circuit control experiment (with an inoculum of mixed culture, but no applied voltage). CO2 was 
provided in both experiments sequentially as the sole carbon source and experiments were performed 
under the same conditions as the main experiments (section 4.3, Figure 28). At the beginning of the 
abiotic electrochemical control experiment, the sampling port of the reactor was sterilized with 70% 
v/v ethanol to keep the reactor sterile. At the start of the experiment (t0) 33 mM-C ethanol was 
measured in the reactor. According to the reactor volume (300 mL) 33 mM-C is equivalent to 0.38 
mL 70% ethanol, which most likely got in the reactor due to sterilization of the sampling port. At the 
end of the semi-batch, no ethanol could be detected, probably due to evaporation of the introduced 
ethanol. Furthermore, the total organic carbon in both control experiments was below 1 mM-C at the 
end of both semi-batches, proving that the production of multi-carbon compounds from CO2 required 
the supply of electrical energy as reducing power source as well as the presence of an appropriate 
biocatalyst, i.e., the microbes. 
 
Figure A4. VFA (A) and alcohol (B) production spectrums of a BES inoculated with biomass from 
the primary reactor (see section 4.3) to demonstrate the reproducibility of MES performance in Figure 
28. Four bioelectrochemical reactors (internal volume: 350 mL) similar to the main reactor but with 
smaller volume were connected fluidically in series. Each reactor was assembled as described in 
Figure S1 and contained a tubular cation exchange membrane (projected surface: 225 cm2), ca. 60 
mL graphite granules (working electrode), a 5 cm Pt wire (counter electrode) and a Ag/AgCl reference 
electrode in saturated KCl. Each anode chamber was filled with ca. 20 mL PPB solution and each 
cathodic chamber with 220 mL low-buffered growth medium. The growth medium composition was 
the same as in the primary reactor, except that it contained in addition 1 g L-1 yeast extract. The 
medium was recirculated through each cathodic chamber of each reactor in series. Further, the CO2 
feed was connected to the recirculation loop of the growth medium at a gas flow rate of 50 mL min-
1. The potential of each working electrode was poised at -0.80 V. The reactors were inoculated with 
ca. 10 carbon granules and 20 mL broth from the primary reactor into each cathodic chamber of the 
linked reactors after the last semi-batch (Figure 28). 
After 42 days of operation, the system obtained a product spectrum comparable with that observed in 
the main reactor at SB-IV (shown in Figure 28), proving that the electrosynthesis process could be 
reproduced. 
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Figure A5. Heat map of taxonomic distribution in the mixed culture used for reductive MES in the 
two-chamber BES (section 4.3). 10 most dominant genera and their relative abundance in percentage 
are given for planktonic cells (P) and biofilm cells (B) at the end of semi-batches III-VI (SB). Data 
was generated from metagenomics analysis using CommunityM. 
 
Figure A6. Principal component analysis (PCA) ordination summarizing variation in the microbial 
composition of the biofilm (green) and planktonic cell (blue) communities, and the variation of the 
ten most abundant genera (red, including biofilm and planktonic cell samples) between different 
semi-batches (SB) during reductive MES in the two-chamber BES (section 4.3). The first component 
(PC1) explained 18% of the total variance, the second component (PC2) accounts for 5% variance. 
 
Figure A7. Migration profile and product spectrum of the three-chamber microbial electrosyntehsis 
experiments (section 4.4). Abiotic batch A: Added acetate in CC2 to analyze the transfer of acetate 
from CC1 into CC2. Abiotic batch B: Added ethanol in CC1 and acetate in CC2 to analyze the 
simultaneous migration of ethanol and acetate across the membranes. Batch C with biotic CC2: Biotic 
CC2, no addition of acetate or ethanol to analyze microbial electrosynthesis of acetate and product 
extraction. Batch D with biotic CC1 and CC2: Biotic CC1 and CC2, no external addition of acetate 
or ethanol to analyse microbial electrosynthesis of acetate and carbon-chain elongation for the 
synthesis of C4 and C6 carboxylates in CC2 at neutral pH, and solventogenesis for alcohol production 
in CC1 at mildly acidic pH, and migration of all products across the membranes. The microbial 
production stagnated between the 24th and 31st day, most likely due to the limited supply of CO2 and 
H2 as shown in Figure A9. After re-inoculation and restoring the availability of CO2 and H2 on day 
31, the carboxylate and alcohol production activity was stabilized again. 
 
Figure A8. Cathodic current density profiles of the three-chamber microbial electrosyntehsis 
experiments (section 4.4). Values of electric current are converted into current density by normalizing 
the measured current to the projected surface area of the membranes (i.e. 100 cm2). Each cathode in 
the abiotic batch A (externally added acetate in CC2) and abiotic batch B (externally added ethanol 
in CC1 and acetate in CC2) was operated in chronoamperometric mode in repeated intervals of 
applying -0.80 V in CC1 for 20 min, a 30 sec pause, applying -0.80 V in CC2 for 10 min and a 30 
sec pause to analyse migration of only acetate (Figure 32A and A7A) and simultaneous migration of 
ethanol and acetate (Figure 32B and A7B), respectively, across the ion-exchange membranes. In 
batch C (biotic CC2) the voltage in CC1 was decreased to -0.85 V to enable a better regulation of the 
pH in CC1. The poised cathode in CC2 enabled microbial electrosynthesis of acetate from CO2 and 
product migration from CC2 into CC1 (Figure 32C and A7C). In batch D (biotic CC1 and CC2) the 
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applied voltage was changed in value and applied time in CC1 between -0.85 and -0.90 V, and 20 
and 25 min, respectively, while in CC2 those parameters were varied between -0.80 and -0.85 V, and 
5 and 10 min, respectively. These adjustments resulted in a stable mildly acidic pH in CC1 for 
microbial catalyzed alcohol production and neutral pH in CC2 for microbial catalyzed carboxylates 
production with zero-chemical addition except for CO2 (Figure 32D and A7D). 
 
Figure A9. Gas analysis of the reactor headspace in batch D in the three-chamber experiments 
(section 4.4). Weekly gas samples from the headspace of CC2 were analyzed via GC (for sdetails see 
materials and methods section 3.6.5) to monitor H2 production, CO2 supply and CH4 inhibition. At 
the beginning of the experiment, the medium and the reactor system were sparged with N2 to achieve 
anaerobic conditions. The gas outlet of CC2 was connected to a gasbag filled with N2 (Figure 13). H2 
evolution was catalyzed electrochemically or bioelectrochemically at the cathode in CC1 and CC2 to 
regulate the pH and supply the microorganisms with reducing equivalents for microbial 
electrosynthesis.2 CO2 was not only the sole carbon feedstock, but was also used as a pH regulation 
agent. The CO2 supply in CC1 was regulated by the BIOSTAT® B depending on the pH in CC1 (see 
section 4.4). CO2 dissolved in water as carbonic acid (H2CO3) and dissociated predominantly into 
bicarbonate (HCO3
-) at neutral pH (CC2), which was transferred via electro-migration into CC1. The 
low pH in CC1 shifted the equilibrium of the bicarbonate buffer system towards CO2, which escaped 
the chamber in gaseous form and entered the medium recirculation-loop of CC2 to be recycled (Figure 
13 and 31). The total provided CO2 and the yield of the total produced multi-carbon compounds from 
CO2 are given in Table A6.  
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Chapter 1.  Introduction and literature review  
The chemical industry provides the human population with fundamental products crucial in every 
area of daily life. However, in many cases, the manufacture of these chemicals is based on non-
renewable fossil fuels, which deposits are decreasing rapidly. In addition, the production processes 
are damaging the environment, contributing to the climate change, and the fabrication of waste, toxic 
by-products, and end products, which are challenging to degrade or to recycle, are further issues 
which need to be faced.3 Therefore, the demand for alternative environmentally friendly production 
technologies based on non-fossil fuel feedstocks is greater than ever. In this light, industrial 
biotechnology has great potential to be a key technology for a sustainable future.4 This technology 
uses cells or enzymes for biocatalytic production of chemicals, materials or fuels from renewable 
feedstocks (i.e. biomass) or recyclable waste streams (i.e. organic waste and inorganic gaseous 
waste), thus supports the development of a circular bioeconomy.5 
 
The premise for a biotechnological process to be economically efficient is to ensure high production 
rates, titers and yields.5 However, in anaerobic fermentation, the yield of the desired product from an 
energy-rich feedstock (e.g. glucose) is often decreased due to the synthesis of undesired organic acids, 
which is a natural microbial strategy to balance their cellular redox state. While under aerobic 
condition, a significant substrate loss can occur in form of carbon dioxide (CO2) when oxygen (O2) 
is used as the final electron acceptor.6 On the other hand, if a low energy substrate is used (e.g. CO2) 
a suitable electron source is required to enable the conversion of the feedstock into the target product.7 
In this light, the biotechnology termed microbial electrochemical technology (MET) can be a 
beneficial tool to stabilize microbial redox and energy state.8 In fact, METs allow microorganisms to 
use an anode as external electron sink or a cathode as an external electron source in a 
bioelectrochemical system (BES) to drive and enhance electrically the production of the target 
compound.9-10 
 
This thesis analyses the benefits and limitations of METs for the electrically driven production of 
industrially relevant chemicals, discusses which microorganisms can be used in such a process as 
catalysts, how the microorganisms interact with the electrodes, and which products can be obtained. 
In addition, this dissertation includes the demonstration of a novel anodic process as well as an 
innovative cathodic process for bioelectrochemical production. Thereby, this project contributes to 
the research community in the field of METs with an important piece of fundamental understanding 
of bioelectrochemistry. 
 
2 
The following chapter reviews the history of METs, starting from their use as a tool for power 
generation from wastewater treatment and bioremediation applications in microbial fuel cells 
(MFCs), to their use for the bioelectrochemical production of chemicals and fuels. Furthermore, it 
summarizes the important BES designs for electrically driven chemical production and discusses the 
underlying microbial electron transport mechanisms, which enable microorganisms to exchange 
reducing equivalents with an electrode.  
 
1.1 Redox reaction: Fundamental principle of life 
The exchange of electrons between two redox partners is the fundamental principle of chemistry in a 
living organism. In such redox reactions, the reactant with the low redox potential is oxidized by 
transferring electrons to a partner with a more positive redox potential that is reduced by accepting 
the electrons. The two most important redox processes in nature are photosynthesis and cellular 
respiration, which are essential for conversion, storage and release of biochemical energy. During 
photosynthesis, the organisms use sunlight as an energy source to reduce carbon dioxide to sugar 
molecules and to oxidize water to O2. On the other side, the cellular respiration is based on the 
oxidation of sugar molecules and the release of CO2 and water to gain energy in form of adenosine 
triphosphate (ATP) via substrate-level phosphorylation, the most important energy store molecule in 
living organisms, whereby in intermediate steps reduced carbon compounds are produced with the 
role of reducing nicotinamide-adenine-dinucleotide (NAD+). This reduced carrier molecule passes 
the electrons to a final electron acceptor such as O2 via an electron transport chain in the cellular 
membrane. Thereby, a transmembrane electrochemical gradient is created that drives the further the 
generation of ATP.11 
The pathway and reaction mechanism of intracellular electron transport during the photosynthesis 
and cellular respiration processes has been studied for centuries and are well understood. However, 
under anaerobic conditions many microorganisms are capable of performing extracellular electron 
transfer (EET) using external compounds in their environment as an electron acceptor instead of O2 
(Figure 1).12 For instance, some microbes found in soils and sediments have the ability to utilize 
humic substances from their surroundings as an electron acceptor for the anaerobic oxidation of 
organic compounds and hydrogen (H2) to yield energy for the support of growth.
13 Others can reduce 
external minerals like sulfates,14 iron oxides,15 manganese oxides16 or toxic heavy metals like 
chromates (VI) or uranium (VI).17-18  
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Figure 2: A schematic illustration of a cell gaining ATP, biomass and other products by oxidizing organic matters to CO2 
and reducing external minerals. 
 
Although the phenomenon of electrical interaction between cells and the environment has been 
known for over a century, the mechanism of EET is poorly understood.19 But the interest in such 
bacteria and understanding EET rises due to the recognition of their important role in the 
environment, and their potential use in biotechnological application.15, 20 
The mobilization and immobilization of metals in sediments by microbial redox processes play a 
significant part in biogeochemical cycles.21-22 Such microbial properties reducing and oxidizing 
extracellular compounds can be also beneficial in bioremediation applications. In this bioprocess, 
microbes reduce, for instance toxic metals and convert them into an insoluble form, which can then 
be easily removed from the contaminated soil or water.21, 23 
Those microorganisms capable of EET have also found useful applications in such called microbial 
electrochemical technologies (METs). METs provide organisms with an artificial extracellular 
electron acceptor or donor in a bioelectrochemical system (BES) with the aim of power generation 
and/or to drive electrochemically the production of valuable chemicals. The concept of METs is 
introduced and explained in the following section in detail.8-9, 24 
 
1.2 MET: Microbial electrochemical technologies 
METs are studied in diverse forms in different areas of sustainable biotechnology, such as power 
generation, waste/wastewater treatment, bioremediation and chemical production.8-9, 24 Although the 
diverse METs have different application aims, the setup in most cases closely resembles each other. 
The microorganisms are cultivated as catalysts in so-called bioelectrochemical systems (BESs).8 A 
BES is in general divided into two compartments comprising two electrodes (working electrode and 
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counter electrode), which might be separated by an ion-permeable membrane. By placing the 
electrodes in an ion-conducting medium and connecting them via an electrical conductor, a closed 
circuit is created (Figure 2, example: microbial fuel cell). A reference electrode serves as a reference 
point for the measurement of the relative potential of the working electrode by reading the potential 
difference between both electrodes in the chamber, and determines whether the working electrode 
acts as an anode or cathode, while a potentiostat functions as an electronic recording hardware and/or 
as a voltage source.8, 25-26  
During a current producing or current consuming process, electrical energy is harvested or provided, 
respectively. However, the actual power input- or output will always be less than the theoretically 
calculated value of the correlated electrode reactions due to ohmic losses in the BES. These energy 
losses can be explained by a combination of thermodynamic imperfections in the system such as heat 
losses, diffusion kinetics of ions in the liquid and activation overpotentials on the electrode surface 
due to non-ideal catalysis. By using microbes for a biocatalysis of the redox reactions at the electrodes 
the activation overpotentials can be minimalized, but never totally eliminated.26-27 
The next subchapters list important applications of MET: microbial fuel cell (MFC), microbial 
electrolysis cells (MEC), reductive microbial electrosynthesis (MES) and oxidative MES including 
the variety of reactor designs with a special focus on electrically driven processes for the production 
of chemicals as the main topic of this thesis. 
 
1.2.1 MFC: Generation of electricity at a biotic anode 
A microbial fuel cell (MFC) is a technology for the generation of power by microorganisms, which 
are capable of oxidizing organic matter and passing surplus electrons to an anode in a BES creating 
a current flow.8 In 1910, M. C. Potter observed and described for the first time the phenomenon of 
the generation of a current flow by Saccharomyces cerevisiae that is known today as EET.19 However, 
the discovery only attracted moderate attention due to the very low current produced. But through the 
progress in MET research, and the interest in becoming independent of environmentally harmful and 
unsustainable fossil fuels, MFC gained more importance as an alternative application for electricity 
generation.28-31 
The setup and the reaction scheme of a MFC are illustrated in Figure 2. The principle of a MFC is 
based on the microbial oxidation of organic carbons in the anodic chamber. In this process, the 
microorganisms transfer the electrons obtained from oxidizing organic matter via a chain of 
intracellular respirational enzymes to a final electron acceptor to gain energy in form of ATP. In the 
case of MFC, the anode acts as the terminal electron acceptor and transmits the accepted electrons 
through a conductor to the cathode. In addition, protons created through the oxidation reaction in the 
anodic chamber diffuse through the ion-permeable membrane into the cathode chamber to react with 
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the electrons and a catholyte such as O2 to water. As a result, a potential difference is generated that 
can be used as electrical energy to perform work.8, 30, 32 
 
 
Figure 2: Schematic setup of a microbial fuel cell (MFC). Microbes oxidize organic substances in the anodic chamber 
and the surplus electrons are passed to the anode, which are then transferred through a conductor to the cathode. In 
addition, protons diffuse through an ion-permeable membrane into the cathodic chamber and react there with electrons 
and O2 to water resulting in the creation of an electric current. 
 
However, so far practical applications of MFCs at industrial scale are unviable, mostly due to the 
limited energy output and high material costs. To make MFCs more efficient, the biocatalytic reaction 
at the electrode and the EET have to be better understood and improved, the overpotential at the 
cathode needs to be decreased, and the material costs of MFCs have to be reduced.31, 33-35 
Successful applications of MFCs were demonstrated using this MET as self-maintained power 
provider for devices, which require just a little power supply, e.g. meteorological buoys.36 Such buoys 
are able to measure the temperature, pressure and humidity. Beneficial in such application is that the 
addition of external carbon sources or microbes is not required. The naturally occurring 
microorganisms in the anoxic marine sediments oxidize naturally existing organic matter and utilize 
the MFC’s anodes as external electron acceptors resulting in the generation of current. Such examples 
of MFCs with a volume of 0.03 m3 are 16 kg of weight and can support an energy consumption of 36 
mW, which is equal to 26 D-cell alkaline batteries per year.36 
A milestone in MFC technologies was achieved in 2009, when a new relative high current producing 
strain (compared to the previously known microorganisms) Geobacter sulfurreducens KN400 was 
isolated, which is besides another gram-negative bacteria, Shewanella oneidensis, the most studied 
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microorganism for biocatalytic redox reactions at the anode and counts as a well-established model 
organism for MFCs.29, 37 
In fact, various microorganisms can metabolize diverse organic materials to produce electricity in a 
MFC, e.g. acetate,38 glucose,39 starch,40 but also complex mixtures of biomass.41-42 This facilitates the 
use of mixed cultures for power generation in combination with wastewater treatment resulting in the 
advantage of free feedstock supply for electricity production and simultaneously degradation of 
pollutants making MFCs more profitable.31, 43-45 Therefore, this strategy obtained a lot of focus in the 
MET field in the last decade with the aim to develop a technology for cleaning water with zero or 
positive energy budget.31, 46 
In conclusion, although MFCs have yet not found application at the industrial scale due to the limited 
power output, the initial research in the MFC area built a knowledge basis about bioelectrochemistry 
and was the foundation for further METs aiming at electrically driven production of useful chemicals, 
such as microbial electrolysis cells (MECs) and microbial electrosynthesis (MES). 
 
1.2.2 MEC: Generation of renewable fuels at an abiotic cathode 
The setup of a microbial electrolysis cell (MEC) is identical to a MFC, with the main operation 
difference of not gaining energy in the form of electricity but supplying the system with extra external 
power (ideally from renewable sources such as wind and solar energy) to store the electrical current 
in energy carriers such as H2 expanding the potential of MFCs.
47-48 
In the same manner, as in a MFC, electrons are gained by microbial decomposition of organic matter 
(e.g. from wastewater) and are transferred to an anode, which then migrate through a conductor to 
the cathode. The cathode (usually made out of platinum or palladium) promote the reduction of water 
to H2 instead of oxygen to water as in a MFC (electrohydrogenesis, Figure 3).
48-49 Normally, this 
reaction is thermodynamically unfavorable and cannot run spontaneously. Therefore, the process has 
to be driven by the application of an external voltage of approximately 0.2 V (0.45 kWh/m3 H2) to 
overcome the overpotential. In contrast, a pure abiotic water electrolysis process requires an external 
voltage supply of approximately 2.3 V (5.1 kWh/m3 H2). Therefore, a MEC is an alternative 
technology reducing the energy requirements for the production of H2 that can be stored as a gaseous 
fuel.48-50 
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Figure 3: Schematic setup of a microbial electrolysis cell (MEC). Microbes oxidize organic substances in the anodic 
chamber and the surplus electrons are passed to the anode, which are then transferred through a conductor to the cathode. 
An additional external current is applied to favor the reaction of electrons with protons (diffused through the ion-
permeable membrane) for H2 evolution at the cathode. 
 
In addition to the synthesis of H2,
51 other products such as methane (CH4)
52 or hydrogen peroxide53 
can be yielded, which highly depends on the chosen biocatalyst, the catalytic electrode material, the 
carbon source and the amount of the applied voltage.48 In 2012, one of the first applications of MECs 
was demonstrated at the pilot scale of 120 L removing sufficient compounds from wastewater to 
reduce the chemical oxygen demand (COD) below the critical level and constant H2 production 
reaching around 70% of energy recovery.54 
However, the use of platinum or palladium as cathodic materials is associated with high costs, limiting 
MECs to be used as economically efficient and practical applications at industrial scale. But in 2009, 
Jeremiasse et al. reduced the material costs of a MEC by demonstrating a fully biotic MEC using 
microorganism to catalyse redox reactions at the anode as well as at the cathode, which reduced the 
cathodic overpotential and allowed the usage of cheap carbon electrodes for electrohydrogenesis.55 
Such full biological BESs were forerunners for MES. 
 
1.2.3 Reductive MES: Electrically driven production of fuels and chemicals at a biotic cathode 
The term reductive microbial electrosynthesis (MES) describes the electrically driven microbial 
production of chemicals of interest at a cathode in a BES.56 The concept of MES covers the production 
of fuels and chemicals from inorganic gasses such as CO2 but also from more energy-rich substrates 
such as organic matter.9 However, often is the cathodic process converting organic carbohydrates into 
target products also referred as electro-fermentation.57 The design of reductive MES is comparable 
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with MECs. The system can include either an abiotic or a biotic anode chamber. But the reaction of 
interest is catalyzed by microorganisms in the cathodic chamber, where the cathode functions as a 
reducing power source allowing a continuous supply of reducing equivalents for cells (Figure 4).9, 56 
 
 
Figure 4: Schematic setup of a combination of a bioanode and a biocathode for MES. Microbes oxidize organic 
substances in the anodic chamber and pass the surplus electrons to the anode, which then migrate through a conductor to 
the cathode. The microorganisms at the cathode take up those electrons to support the synthesis of reduced products. 
 
Industrial fermentation processes are often redox-imbalanced, which results in a decrease in product 
yields. By providing microorganisms with an additional external electron donor in form of a cathode, 
electro-fermentation can stabilize the microbial redox-state and can be used as a tool to redirect the 
metabolic carbon flow toward a product of interest to increase product selectivity and yield.57-58 The 
additional electron supply is expected to drive the NADH-pool (nicotinamide adenine dinucleotide) 
in the cells to a more reduced state and thereby, increase the microbial reducing power for an 
enhanced production of reduced metabolites.56, 59 
One of the first reports of an electrically-influenced biosynthesis was published in 1979. An externally 
applied current increased the yield of glutamic acid during a glucose fermentation.60 In1990, Emde 
and Schink demonstrated the application of soluble redox-active compounds as mediators in a reactor 
broth, which were oxidized by Propionibacterium freudenreichii and continuously re-reduced at the 
cathode. Such electron carrier allowed indirect microbial interaction with the electrode and induced 
a product shift from acetate to propionate during the electro-fermentation.61 Another interesting study 
analyzed the interaction of Geobacter biofilms with solid state graphite electrodes and proved that 
the microorganisms are not only able to use the anode as an electron sink in MFCs, but also able to 
accept electrons from a cathode.62 In the last decade, one focus of reductive MES was to enhance 
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electrically the conversion of glycerol (a waste byproduct from biodiesel industries) into 1,3-
propanediol (a building block chemical for polymers production) with pure cultures such as 
Clostridium pasteurianum as well as with mixed cultures.63-66 In addition, electro-fermentation can 
function as a selection tool to shape a mixed culture to a more efficient community for glycerol 
fermentation.67 Furthermore, using a defined co-culture, in which one organism is effective in taking 
up electrons from the cathode, and another organism in performing efficiently glycerol fermentation, 
resulted in great synergetic benefit.68 In this defined co-culture study, the G. sulfurreducens biofilms 
took up electrons from the cathode and were able to pass them via direct interspecies electron transfer 
to C. pasteurianum resulting in electrical stimulation of 1,3-propanediol and butyrate production.68  
Indeed, using mixed culture consortia for MES shows several advantages. While the use of pure 
cultures as biocatalysts allows the achievement of high product selectivity and titers, cultivation of 
mixed cultures enable the use of diverse substrate mixes and can broaden the product spectrum.57-58, 
69-70 In an open microbiome a symbiotic process can drive the production of target compounds in 
particular when produced metabolites of one species can be further metabolized by a second species 
to produce the chemical of interest, thus preventing reaching those intermediate metabolites toxic 
levels.70-71 In addition, not only electroactive biofilms can enable indirect interaction with the 
electrode for other species via direct interspecies electron transfer, but some species are also able to 
excrete natural redox active mediators such as phenazines, which can be used by themselves as well 
by species, which cannot synthesize mediators, as electron shuttle molecules between electrode 
cells.68, 72 A further strategy involves the microbial catalysis of H2 evolution on the cathode by one 
species and the utilization of H2 as an electron donor by a second strain for reductive MES.
73 
The most important studies representing the development of reductive MES from organic matters are 
summarised in a timeline illustration in Figure 5. 
 
The recent trend of reductive MES develops toward the use of CO2 gas as an inorganic substrate for 
the production of biofuels and chemical commodities.74-76 In fact, capturing CO2 in valuable products 
has great environmental benefits. This gas is vastly available as waste in many industrial processes 
(e.g., power plants, cement production, petrochemical industry, steel manufacturing), and fixation of 
this greenhouse gas will reduce the carbon footprint of these industrial processes.75 In addition, 
atmospheric CO2 can be also used for MES, though it needs first to be captured from ambient air and 
concentrated to high purity, which was recently demonstrated by the first commercial-scale CO2 
capture plant build by the company Climeworks AG.77 Such approaches can counter global warming 
and drive the development of a circular bioeconomy.75 A further advantage of using CO2 as a carbon 
source is that such a process does not compete for food crops or arable land unlike traditional 
fermentation applications (e.g., for the production of biodiesel), which require plant-based sugars.75 
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However, converting CO2 into CH4 or multi-carbon products is a challenging approach, because the 
carbon in the gas molecule is completely oxidized and therefore a large amount of electrons is needed 
to drive these reactions. In a related technology, gas fermentation, H2 and/or carbon monoxide (CO) 
is provided as an electron source. However, CO is a toxic gas and H2 shows low solubility in an 
aqueous medium.78 In contrast, MES requires gas mixes only rich in CO2, while H2 and CO content 
can be low. In a BES the reducing power is completely provided by a poised cathode.56, 76 
Microorganisms take up the reducing equivalents either in form of electrons directly from the cathode 
or in form of H2, which is produced by microorganisms, by enzymes or electrochemically on the 
cathode.79 In the case of H2 mediated MES, H2 is produced continuously in situ and its availability 
for cells can be controlled by the applied current.80 The power to run the MES is ideally provided by 
renewable sources such as photovoltaics or wind energy, thus not only enabling sustainable fixation 
of CO2 but also storage of the green electricity in fermented carbon products, which makes the stored 
energy available on demand.56, 75 
CO2 conversion into useful energy carriers such as CH4 via MES has been shown by several pure 
cultures of methanogens (e.g., Methanobacterium palustre52 and Methanococcus maripaludis81) as 
well as by mixed cultures enriched with methanogens. For more details about MES of CH4 the reader 
is referred to the recently published comprehensive review article by Nelabhotla et al.82 In mixed 
cultures methanogens can be inhibited via addition of 2-bromoethanesulfonate acid into the growth 
medium,83 operating the fermentation at mildly acidic pH84 or heat-treatment of the initial microbial 
community,85 which resulted in the production and accumulation of acetate in the reactor broth. The 
MES of acetate is performed by acetogens such as Sporomusa spp., Clostridium spp., Acetobacterium 
woodii and Moorella thermoacetica via the Wood-Ljungdahl pathway.76, 86-88 The production rates 
and titers are highly depended on the species, the reactor design including electrode material is used 
and the operation of the system including applied potential.76, 87, 89 The highest volumetric acetate 
production rate, 0.78 g L-1 h-1 was recently achieved by LaBelle and May.90 The system was operated 
under galvanostatic control to ensure sufficient supply of reducing equivalents achieving a current 
density of 83.3 A per m2 projected surface of the cathode. Further, the biocatalyst was grown as a 
mixed biofilm on reticulated vitreous carbon foam cathode and fed in continuous mode to prevent 
nutrient limitation and product inhibition.90 The main achievements and limitations in the field of 
acetate production in a BES were recently reviewed and discussed by May and coworkers.87 
Despite the environmental benefits of recycling CO2 emissions to counter global warming, MES of 
acetate is not very attractive from an economic point of view due to relatively low market value of 
ca. 500 € t−1.89, 91 One strategy to make MES more economically feasible is targeting product 
diversification and selection toward chemicals with a higher value.70, 89 In the last few years it was 
demonstrated that longer chain carboxylates with a value higher than that of acetate, including as 
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isopropanol,92 propionate93 and butyrate,94 could be produced from CO2 by mixed microbial 
communities. Pure cultures have also been reported as capable of longer chain carboxylates synthesis 
(e.g., 2-oxobutyrate) by MES.86 In 2018, a study demonstrated the continuous MES of acetate, 
butyrate and caproate by a thick mixed culture biofilm grown on a carbon felt cathod.95 In addition, 
another study reported the production of ethanol and butanol from CO2 under mildly acidic pH by 
using a gas diffusion electrode, which increased the substrate availability by minimizing mass 
transfer.96 The main achievements in reductive MES using CO2 as the sole carbon source are 
summarized in Figure 6. 
One advantage of using pure cultures for MES is that metabolic engineering can be applied to broaden 
the product spectrum.97-98 Recently, a study demonstrated the electrically driven production of α-
humulene from CO2 by engineered Cupriavidus necator.
99 However, metabolic engineering is limited 
by a lack of molecular tools for novel electroactive microorganisms.100 Further, the important step of 
transferring reducing equivalents from the cathode to the microorganisms during reductive MES is 
not well understood and cannot be targeted by metabolic engineering.97 In fact, the efficiency of MES 
processes, in particular, production rates, is highly depended on the microbial uptake of reducing 
equivalents.101 However, while most studies on extracellular electron transfer focus on 
microorganisms passing electrons to an anode in MFCs, the mechanism of inward electron transfer 
from a cathode to cells is poorly studied. These knowledge gaps need to be addressed in order to 
obtain a better fundamental understanding of microbial electrode interaction and thus will allow 
further optimization of reductive MES processes. The so far known extracellular electron transfer 
mechanisms are reviewed in subsection 1.3. 
In mixed microbial communities, not only the interaction between cells and cathode plays an 
important role, but also the interspecies communication is very relevant for efficient MES,70 in 
particular, the transfer of reducing equivalents between different species,73 the joint use of mediators, 
which were excreted by potentially just one microorganism,72 and the consumption of intermediate 
metabolites between different species.98, 102 The in depth-study of all these three aspects and the 
effective use of microbial symbiotic factors will allow to direct the carbon flow from CO2 into 
multicarbon chemicals of interest instead of into acetate. 
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 1990: Electrically 
induced shift from 
acetate to propionate 
by reduced 
antraquinone-2,6-
disulfonic acid or 
cobalt sepulchrate 
during a glucose 
fermentation by 
Propionibacterium 
freudenreichii.61 
 2009: Methyl viologen 
mediated cathodic 
fermentation by a 
mixed culture 
increased ethanol 
production from 
acetate and inhibited 
co-product 
formation.103 
 2014: Electrically 
enhanced production of 
butanol from glucose 
and 1,3-propandiol 
from glycerol by 
Clostridium 
pasteurianum in 
absence of a 
mediator.64 
 
1979: Reduced neutral 
red increased the 
glutamic acid yield 
about 10% during a 
glucose fermentation 
by Corynebacterium 
glutamicum.60 
2001: The production 
rate of 6-bromo-2-
tetralol was increased 
by supplying 
Trichosporon 
capitatum with reduced 
neutral red.104 
2013: 
Bioelectrochemical 
reduction of acetic and 
butyric acids to 
alcohols and acetone 
by a mixed culture of 
sulfate-reducers.105 
2017: Electrical 
stimulation of 1,3-
propanediol and 
butyrate production via 
direct interspecies 
electron transfer by a 
defined co-culture.68 
  
 
 1990: Growth and 
production of methane 
and succinate using 
neutral red as the sole 
electron donor by 
mixed cultures and 
Actinobacillus 
succinogenes, 
respectively.106 
 2013: 1,3-Propanediol 
fermentation from 
glycerol by a mixed 
culture in a BES were 
enhanced by an 
external applied 
current.63 
 2015: Electrical 
induced H2 evolution at 
the cathode shifted the 
product spectrum from 
C3 and C4 
carboxylates to C4 and 
C6 carboxylates during 
thin stillage 
fermentation by a 
mixed culture.107 
 
1988: Glucose 
fermentation with 
electrically reduced 
methyl viologen by 
Clostridium 
acetobutylicum resulted 
in higher butanol yield 
and inhibition of 
acetone production.108 
2004: Direct electron 
transfer from a cathode 
to Geobacter 
metallireducens and 
Geobacter 
sulfurreducens for the 
reduction of nitrate to 
nitrite and fumarate to 
succinate, 
respectively.62 
2013: Reductive MES 
of medium chain fatty 
acids from acetate by a 
mixed culture mediated 
via cathodic H2 
evolution.109 
2017: Electrically 
enhanced production of 
butyric from acetate 
and CO2 via carbon 
chain-elongation by a 
mixed culture.110 
  
 
Figure 5: Important achievements in reductive MES from organic matters illustrated in a time line. 
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 2011: Demonstration 
of Sporomusa species, 
Clostridium 
ljungdahlii, 
Clostridium aceticum, 
and Moorella 
thermoacetica being 
capable of producing 
acetate, 2-oxobutyrate 
and formate via MES.86 
 2014: Use of 
reticulated vitreous 
carbon modified with 
carbon nanotubes as a 
cathode allowed to 
reach high acetate 
production rate: 1.3 
mM cm−2projected surface area 
of cathode d
−1.83 
 2017: Co-cultures 
enabled synergetic 
effect: Fe(0)-corroding 
strain IS4 catalysed H2 
production on the 
cathode, which was 
consumed by 
M.maripaludis and A. 
woodii for MES of CH4 
and acetate, 
respectively.73 
 
2009: Poised 
biocathode dominated 
by M. palustre 
converted CO2 into 
CH4.52 
2013: Combination of 
an anodic process, 
conversion of H2S to 
SO4 by Desulfobulbus 
propionicus, with a 
cathodic process, 
coversion of CO2 to 
acetate by S. ovata.111 
2015: MES of acetate 
and butyrate by a 
mixed microbial 
community driven by 
hydrogen evolution on 
the cathode.94 
2018: Gas diffusion 
electrode increased 
CO2 availability and 
resulted in MES of 
acetate and butyrate 
and respective alcohols 
at mildly acidic pH.96 
  
 
 2013: Long-term 
operation of MES in 
semi-batch mode using 
a mixed culture 
enriched with 
Acetobacterium spp. 
improved acetate 
production up to 1.04 g 
L–1 d–1.112 
 2014: M. maripaludis 
mutant lacking all 
catabolic 
hydrogenases, 
produced CH4 via MES 
proving the presence of 
a hydrogenase-
independent 
mechanism of direct 
electron uptake from 
the cathode.81 
 2018: Continuous MES 
of acetate, butyrate and 
caproate by a thick 
biofilm of mixed 
culture grown on a 
carbon felt cathode.95 
 
2010: A biofilm of S. 
ovata produces acetate 
and oxo-butyrate by 
fixation of CO2 using 
the cathode as the sole 
electron source.7 
2014: Repeated 
exposure of an 
Acetobacterium-
dominated community 
to mildly acidic pH 
(~5) resulted in high H2 
and acetate production 
rates, 2.6 and 3.1 g L–1 
d–1, respectively.113 
2017: Improved 
cathode surface to 
liquid volume and 
mixing in a continuous 
long-term MES by a 
mixed culture 
enhanced acetate 
production and enabled 
butyrate and 
isopropanol 
production.92 
2018: Mildly acidic pH 
broadened MES 
spectrum from acetate 
production to 
production of 
isobutyric, butyric, 
caproic acids and 
corresponding alcohols 
(outcome of this 
thesis).2 
  
 
Figure 6: Important achievements in reductive MES from CO2 illustrated in a time line. 
Another strategy to manipulate the product spectrum and to enhance MES is by improving reactor 
design and optimizing system operation, which is addressed in subsection 1.2.5.26 
 
1.2.4 Oxidative MES: Electrically driven production of fuels and chemicals at a biotic anode 
Most of the MES applications focus on electrons consuming processes to enhance the production of 
reduced metabolites. However, depending on the substrate, the product and the catalytic cells, a 
positive applied potential enabling the use of the anode as an electron sink can be the right strategy 
for synthesis enhancement of target products, which is often referred as anodic electro-
fermentation.57-58, 98 In fact, according to in silico analysis of the metabolic carbon flow in Escherichia 
coli from glycerol and sugars toward target products during electro-fermentation, the increase in 
theoretical yields is not necessarily dependent on the degree of reduction of the product but rather on 
the metabolic pathway it is derived from.114 
The reactor setup of oxidative MES is comparable with the reductive MES system. The concept 
comprised either a biotic or abiotic cathode, while the main reaction occurs in the anodic chamber 
and is catalyzed by microorganisms (Figure 4).9 During fermentation processes the microorganisms 
produce unwanted byproducts (a mix of gasses, acids and/or alcohols) to achieve redox balance, 
which decreases the yield of the desired product and complicates product purification. By using an 
anode as an artificial extracellular electron sink, cells are able to transfer “surplus” electrons from 
their metabolism to the electrode to stabilize their energy and redox state, thus results in a more 
selective synthesis of a target compound with fewer byproducts.59, 115 
As an example, ethanol production from glycerol shows low efficiency due to the required synthesis 
of byproducts such as formate or 1,2-propanediol to balance microbial redox state. But in 2010, the 
electroactive model organism S. oneidensis was genetically engineered for the conversion of glycerol 
into ethanol using an anode as an extracellular electron acceptor.116 The non-native metabolic 
pathways of glycerol uptake, utilization and conversion into ethanol were successfully expressed in 
S. oneidensis. The cloned pathways for ethanol production and the native capability to interact with 
the anode directed the electron flux toward anode resulting in ethanol being the main product.116 
Another study demonstrated genetic modifications of the host microorganism S. oneidensis for the 
conversion of lactate into acetoin using the anode as non-depletable electron sink achieving yields of 
86% and acetoin being the sole end product.117 That are two powerful examples demonstrating how 
microorganisms, which possess a native capacity of utilizing the electrode as an electron sink, can be 
engineered with metabolic pathways originated from industrial model organisms to enhance 
production of target chemicals by balancing electrochemically their metabolic redox state. However, 
such an approach is restricted by the lack of biosynthetic tools for novel electroactive 
microorganisms.98 
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The reversed strategy involves the approach to make industrial microorganisms electroactive via 
metabolic engineering. Following that approach, a recombinant E. coli strain optimized for acetoin 
production from glucose was further engineered by cloning the genes from S. oneidensis for 
expression of a c-type cytochrome based electron transport chain in the periplasm. In addition, E. coli 
was supplied with the membrane permeable mediator methylene blue to bridge the electron transport 
from the inner membrane through the outer membrane to the anode, which enabled an electrically 
driven acetoin synthesis achieving a product yield of 79%.118 Another concept of empowering 
microbial electrode interaction is based on engineering strains to implement the capacity of producing 
extracellular redox active molecules, which can function as mediators shuffling electrons between 
cells and anode. This was demonstrated by the genetically modified Pseudomonas putida expressing 
genes from Pseudomonas aeruginosa for the synthesis of phenazine mediators.119 Extracellular 
electron carrier can also be added artificially to the culturing medium such as ferricyanide allowing 
E. coli, P. freudenreichii and P. putida to direct their electron flux toward an anode.120-122 Enabling 
an anoxic metabolism of an obligate aerobic strain using a mediator as an electron acceptor instead 
of O2 is of particular interest due to economic benefits of cutting aeration costs and potential increase 
of product yields, because less substrate is lost in form of CO2. Following that approach, Lai and co-
workers demonstrated oxidative MES of 2–keto-gluconate from glucose by P. putida under anaerobic 
conditions gaining a yield of over 90%.122 
Not only pure cultures but also mixed communities can benefit from anodic electro-fermentation. A 
co-culture of G. sulfurreducens and Clostridium cellobioparum achieved ethanol yields of 90% from 
glycerol due to symbiotic co-fermentation.123 The byproducts produced by C. cellobioparum during 
the glycerol fermentation were consumed by G. sulfurreducens and the obtained electrons from the 
byproducts were passed to the anode supporting H2 evolution at the cathode, which prevented 
inhibition of ethanol production by byproduct accumulation and increased purity of ethanol.123 
The novel biotechnology oxidative MES is still in its initial stage. While the listed research examples 
in Figure 7 showing the great potential of using anodic electro-fermentation as tool to direct the 
metabolic carbon flow under anoxic conditions toward the desired product, many knowledge gaps 
still exist. The extracellular electron transfer to an anode has been mainly studied in MFC applications 
for generation of electricity, but the influence of an anode as an electron sink on microbial metabolism 
for chemical production has hardly been studied. In addition, the mechanism of how artificial 
mediators interact with non-electroactive microorganism requires a better understanding.  
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 2007: Enhanced 
glycerol consumption 
by Enterobacter 
aerogenes using 
thionine as a mediator 
to shuffle electron 
between cells and 
anode.124 
 2016: 2–Keto-
gluconate production 
from glucose with a 
yield of over 90% by 
obligate aerobic P. 
putida under aerobic 
conditions using anode 
as the sole electron 
acceptor mediated via 
ferricyanide.122 
 2017: S. oneidensis 
was genetically 
modified for the 
production of acetoin. 
By using the anode as 
final electron acceptor 
acetoin was 
synthesized as sole end 
product.117 
1989: E. coli convert 
glycerol into acetate, 
ethanol and succinate 
by using ferricyanide 
as a extracellular 
electron acceptor, 
which was 
continuously re-
oxidized by an 
anode.120 
2014: Co-culture of C. 
cellobioparum and G. 
sulfurreducens resulted 
in high yield ethanol 
production from 
glycerol due to the 
consumption of 
byproducts by G. 
sulfurreducens using 
the anode as an 
electron sink.123 
2017: Co-culture of 
Cellulomonas uda and 
G. sulfurreducens 
increased cellobiose 
consumption and 
ethanol production due 
to consumption of 
byproducts by anodic 
biofilms of G. 
sulfurreducens.125 
  
 
 2010: Electroactive S. 
oneidensis was 
engineered to enable 
fermentation of 
glycerol to ethanol 
using an anode as the 
sole electron aceptor.116 
 2016: Engineered P. 
putida produced para-
hydroxybenzoic acid 
from citric acid under 
anaerobic conditions in 
a stirred-tank 
bioelectro-reactor by 
transferring electrons 
to the anode using 
ferricyanide as a 
mediator.126 
 2018: By using 
ferricyanide as a 
mediator during anodic 
electro-fermentation 
anaerobic growth of 
Corynebacterium 
glutamicum was 
facilitated, and glucose 
consumption and 
L-lysine production 
was enhanced 
(outcome of this 
thesis).127 
1990: Enhanced 
bacterial growth and 
acetate production 
from propionate by P. 
freudenreichii via 
ferricyanide mediated 
MES.121 
2015: Engineered E. 
coli expressed a c-type 
cytochrome pathway in 
the periplasm from S. 
oneidensis enabling the 
transfer of surplus 
electrons to the anode 
mediated by methylene 
blue for ethanol 
production from 
glycerol.128 
2017: A c-type 
cytochrome based 
electron transport 
pathway from S. 
oneidensis was 
expressed in an E. coli 
mutant, which was 
engineered for acetoin 
production. Supply of 
methylene blue enabled 
electrically driven 
acetoin production.118 
  
 
Figure 7: Important achievements in oxidative MES from organic matters illustrated in a time line. 
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The byproducts produced by C. cellobioparum during the glycerol fermentation were consumed by 
G. sulfurreducens and the obtained electrons from the byproducts were passed to the anode supporting 
H2 evolution at the cathode, which prevented inhibition of ethanol production by byproduct 
accumulation and increased purity of ethanol.123 
The novel biotechnology oxidative MES is still in its initial stage. While the listed research examples 
in Figure 7 showing the great potential of using anodic electro-fermentation as tool to direct the 
metabolic carbon flow under anoxic conditions toward the desired product, many knowledge gaps 
still exist. The extracellular electron transfer to an anode has been mainly studied in MFC applications 
for generation of electricity, but the influence of an anode as an electron sink on microbial metabolism 
for chemical production has hardly been studied. In addition, the mechanism of how artificial 
mediators interact with non-electroactive microorganism requires a better understanding. 
 
1.2.5 Design and materials used in a BESs for production of fuels and chemicals 
The efficiency of MES including productivity and economic costs is highly dependent on the design 
of the BES. The young research field of MES has just developed in the last two decades and shows 
already a high variety of reactor designs including tube-, bottle-, column-, H-cell- and flat-plate-type 
reactors with one, two or three chambers separated by ion-exchange membranes. The advantages and 
the limitations of the different system were recently reviewed in a comprehensive book chapter by 
Krieg and co-workers in 2018.26 However, this diversity in architecture and modes of operation 
challenges cross-comparison and benchmarking among performance of MES between different 
research groups as well as between conventional biotechnological applications.26 Therefore, a 
commercial standardized system would be of great advantage for the research community, which was 
approached by Rosa and co-workers upgrading a standard bench-top stirred tank bioreactor 
(fermentor) to a BES system by mounting a customized kit into the reactor creating two electrode 
chambers. By using such an upgrade kit it was possible to add the electrochemical control to the 
system by a potentiostat as well as to use the existing infrastructure of the commercial bioreactor 
allowing defined control and monitoring of process.129 
The microbial interaction with the electrode plays a key role in every MES process determining how 
efficient the reducing equivalents are exchanged. Therefore, suitable electrode materials are essential 
for a successful bioproduction of chemicals. The electrode needs to have following characteristics: 
biocompatibility, high surface to volume area, high stability and low cost.130 Jourdin et al. 
demonstrated the use of a highly porous reticulated vitreous carbon modified with multiwalled carbon 
nanotube as a cathode for conversion of CO2 into acetate achieving the highest reported production 
rates of 685 g m-2 day-1 normalized to the projected surface area of a 1.36 cm-2 cube electrode. 
However, the volumetric rate turned out to be much lower, 0.37 g L-1 day-1.131 The highest volumetric 
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acetate production rate (18.72 g L-1 day-1) from CO2 in a BES was recently reported using an 
unmodified reticulated vitreous carbon foam cathode, where medium was continuously pumped 
through the electrode and reducing power was supplied under galvanostatic control to prevent biofilm 
growth limitation throughout the whole cathode foam.90 
Electrochemical reactors allow not only direct influence on cellular metabolism via supply or 
subtraction of electrons (primary METs) but also a more indirect control of environmental parameters 
such as pH and metabolites concentration (secondary METs).9 Gildemyn and co-workers designed a 
single reactor system with three-chambers for MES of acetate from CO2 and simultaneous product 
extraction.132 A middle chamber was separated by a cation and an anion exchange membrane from 
the anodic and the cathodic chamber, respectively. Acetate was produced in the cathodic chamber 
and was extracted via in situ membrane electrolysis into the middle chamber preventing product 
inhibition and resulting in accumulation of up to 13.5 g L-1 acetic acid in the middle chamber. In 
addition, this configuration of membranes allowed to maintain a stable neutral pH in the cathodic 
chamber due to the balance of a pH decreasing processes (CO2 buffering and backflux of H
+) and a 
pH increasing processes (reduction of H2O and synthesis of acetate).
132 This is a powerful use of 
secondary MET creating a zero-chemical-input technology (except the addition of CO2) for a 
sustainable production of acetate including integrated online product recovery. 
The future research needs to address the development of further smart combinations of primary and 
secondary METs for production of higher valuable products than acetate to make MES economically 
more attractive and bring this sustainable biotechnology one step closer to real-world applications. 
 
1.3 Microbial interactions with the electrode in a MES process 
MES is an emerging biotechnology with great potential for sustainable production of chemicals and 
fuels. Critical in every MES process is the microbial interaction with the electrode. The transfer of 
reducing equivalents between microorganisms and electrode surface determines the efficiency of the 
chemical production process.133 To optimize and advance a MES application a more thorough 
understanding of possible microbial extracellular electron transfer (EET) mechanisms from and to 
the electrode are essential. 
Most of the fundamental studies on EET focused on electron transfer to an anode and much less is 
known about cathodic processes.31, 134-135 Two main mechanisms have been postulated: (i) direct EET 
via direct contact of cells with the electrode surface and (ii) indirect EET via electron shuttle 
molecules mediating electron transfer between cells and the electrode at a distance.136 Direct EET 
was studied in depth using the two electroactive model organisms G. sulfurreducens and S. 
oneidensis, which grow as a biofilm on the electrode surface.24 Both bacteria possess a variety of c-
type cytochromes complexes in their membranes, which build an electron transport chain allowing 
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the electron transfer from the cell interior through the membrane to a solid-state anode (Figure 8A). 
In addition, cells can also shuffle electrons between each other via extracellular polymeric substances 
or via direct cell contact (direct interspecies electron transfer) in a biofilm.137-138 To increase the 
distance efficiency of direct EET the bacteria grow electrically conductive appendages, called 
nanowires, that enable physical connection between cells and/or cells and the electrode (Figure 
8B).139 The nanowire structure of S. oneidensis is similar to outer membrane vesicles, which can be 
seen as extensions of the outer membrane and periplasm comprising multiheme cytochromes for 
direct EET.140 
In contrast, indirect EET is based on longer distance electrode interaction via redox active electron 
carriers which can shuffle electrons between cells and electrode.141 For example, S. oneidensis and P. 
aeruginosa produce and excrete flavin and phenazine molecules into the medium to enable indirect 
EET, respectively.142-143 Such mediators are reversible and can be continuously reduced by the 
microorganisms and reoxidized by the anode (Figure 8C). Microorganisms, which have not the 
capacity to synthesize mediators by their own, can be supplied with artificial mediators such as neutral 
red, thionines, potassium ferricyanide, methylene blue and anthraquinone-2, 6-disulfonate to enable 
indirect EET.141 
Those processes of transferring electrons from a low potential electron donor to an acceptor with 
more positive redox potential are associated with energy conservation and support microbial 
growth.144 
 
 
Figure 8: Schematically simplified representation of the main extracellular electron transport (EET) mechanism at an 
electrode during microbial electrosynthesis (MES). A: Direct EET via physical contact of a cell with an electrode. B: 
Direct EET via nanowires, electrically conductive cellular appendages allow contact at an increased distance. C: Indirect 
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EET via soluble extracellular mediators, which are continuously recycled at the electrode. S = substrate; P = product; ox 
= oxidised; red = reduced. 
 
While the EET mechanisms at the anode were studied intensively, the investigations to understand 
the EET of electrons from a cathode into cells are limited and many knowledge gaps exist in this 
novel research area. It is assumed that the cathodic EET mechanisms are similar to the anodic 
processes involving cytochrome based electron transfer chains, but the cytochrome complexes 
operate at different redox potentials.134 Many microorganisms in anoxic environments which have 
been observed to induce iron corrosion have been also demonstrated of being able of electron uptake 
from a cathode.145 
The reports of initial MES research for acetate production from CO2 suggested direct EET, but the 
clear evidence was missing.7 However, it seems that the most acetogenesis processes at the cathode 
are H2 mediated. The H2 evolution at the cathode is electrochemically and/or biologically by 
membrane-bound hydrogenases or by extracellular enzymes catalyzed.135, 146 In fact, just recently, 
Deutzmann et al. reported that M. maripaludis excrete hydrogenases and formate dehydrogenases, 
which catalyze H2 and formate production at the cathode, respectively. Both low-molecular-weight 
products serve as electron donors for MES supporting indirect EET mechanisms.147 In contrast to H2 
mediated MES, Deutzmann and co-workers demonstrated also evidence for a H2-independent 
electron uptake pathway via a M. maripaludis mutant lacking all catabolic hydrogenases and being 
capable of CH4 MES from CO2, indicating a direct EET route.
81 
MES has been a very dynamic research field with great achievements in the last decade. However, 
many unanswered questions still need to be addressed, in particular, EET in a MES process requires 
a better understanding, which is fundamental for optimizing this biotechnology. 
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Chapter 2.   Thesis overview and research objectives  
Based on the literature review it appears evident that MES has a great potential as a sustainable 
biotechnology for production of chemicals and biofuels. Several studies (Figure 5-7) demonstrated 
the beneficial use of an anode as an electron sink or a cathode as an electron source in a BES to drive 
electrochemically a microbial production route of interest. However, the literature review also 
highlights that the development of this technology is still in its initial stage and hence, several 
knowledge gaps can be identified. For instance, in many anodic and in particular cathodic processes 
the mechanisms of electron transfer between microorganisms and electrodes is not fully understood. 
Further, the electrochemical impact on the metabolism in different organisms is not always clear and 
needs to be studied in depth. Only thus, will allow advancing MES development to a level of real-
world application and overcoming major bottlenecks such as low production rates. In this light, the 
presented PhD thesis aims at providing answers to the following research questions: 1) Which 
microorganisms can benefit from an anode as an electron sink and which from a cathode as an electron 
source during a fermentation process? 2) How do the cells interact with the electrode? 3) How are 
their metabolisms influenced by the electrode? 4) Which valuable products can be obtained via MES? 
In order to address these relevant research questions, four research objectives (ROs) were identified, 
which are illustratively represented in Figure 9. First, this thesis analyses the potential of different 
microorganisms to interact with an electrode for oxidative and reductive MES by reviewing the 
diversity of their electron transport chain pathways on a cellular level. The second RO aims to 
establish an oxidative MES process to demonstrate how the anoxic character of an industrial 
bacterium can be enhanced for the production of amino acids by providing the cells an anode as an 
extracellular electron sink. The third objective addresses the development of a reductive MES process 
converting CO2 into multicarbon products by providing a mixed microbial community with a cathode 
as the sole reducing power source. In particular, specific cultivation condition should enable 
syntrophic interactions between microorganisms to broaden the product spectrum from the typical 
product acetate toward higher valuable chemicals and biofuels. Finally, RO4 aims to demonstrate 
how secondary METs (indirect influence of a BES on a fermentation process) can enhance primary 
METs (direct influence of electrodes on microorganisms) by providing optimal pH conditions for 
acetogenesis and solventogenesis simultaneously in one reactor system with zero-chemical addition 
except for CO2. 
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Figure 9: Illustrative representation of the research objectives (ROs) of this work by using a schematic setup of a full-
biological electrochemical system for microbial electrosynthesis (MES). e- = electrons; EET = extracellular electron 
transport, MET = microbial electrochemical technology, P = product; S = substrate; M = mediator; ox = oxidized; red = 
reduced. 
 
2.1 RO1: Analyzing EET of diverse microorganisms for oxidative and reductive MES 
Central in each MES application is the ability of the microbial catalyst to interact with external 
electron acceptors and/or donors and its metabolic properties that enable the combination of electron 
transport and carbon metabolism.97 Therefore, understanding EET abilities of candidates for MES is 
essential to enable an efficient electrically-driven bioproduction of chemicals of interest. However, 
EET, especially for cathodic processes, is still poorly studied.146 In this light, RO1 aims at the 
screening of potential candidates for oxidative and reductive MES by analyzing different neutral 
electron transport chains of organisms such as metal respiring bacteria and acetogens, but also 
standard biotechnological organisms currently used in bio-production, in regards to EET. Key player 
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molecules in the microbial electron transport chains, such as cytochromes, ferredoxin, quinones and 
flavins, need to be identified in this screening exercise and discussed in regards as targets of 
interaction points with a mediator or the electrode. In addition, the influence of the anode or cathode 
on the cellular metabolism, in particular on redox and energy state, is also analyzed. 
 
2.2 RO2: Studying oxidative MES for enhancement of anoxic amino acid production by 
Corynebacterium glutamicum 
Most of MES applications focus on cathodic processes to increase the microbial reducing power for 
the enhanced production of reduced metabolites. The number of examples of beneficial anode use to 
provide an external non-depletable electron sink and to drive a metabolic pathway of interest for 
chemical production is limited.58, 98 However, in silico studies demonstrated that an anodic process 
has the potential to increase the yield of the target product during fermentation.114 In particular, as 
pointed out in the literature review (1.2.4), turning an aerobic production process into an anoxic 
process can result in economic benefits and increased product yields.122 In this sense, the second RO 
aims to establish an anaerobic amino acid production process using the industrial bacterium C. 
glutamicum by providing an anode as the final electron acceptor instead of O2. In fact, based on the 
outcomes of RO1, the growth of C. glutamicum depends highly on O2 supply and this bacterium does 
not have the capacity to interact directly with an electrode.148 Therefore, microbial electrode 
interaction needs to be empowered by the supply of artificial mediators. Further, the communication 
of the bacterium with the mediator needs to be analyzed, as well how the mediator influences the 
metabolism, in particular, redox and energy state. 
 
2.3 RO3: Studying reductive MES for CO2 conversion into C2 to C6 carboxylates and 
alcohols by a mixed microbiome 
While oxidative MES requires energy-rich organic carbon sources, reductive MES has the great 
potential to convert the complete oxidized molecule CO2 into useful multicarbon compounds by using 
the cathode as the sole electron source.58 CO2 as a substrate is highly abundant in industrial emissions, 
while its fixation counters global warming and drive the development of a circular bioeconomy.76 
However, the main product in most bioelectrochemical CO2 conversion processes has been thus far 
acetate, which production in a BES is from an economical point of view not very attractive.70 
Therefore, this RO aims at obtaining product diversification toward products with a higher value and 
higher industrial relevance than acetate. In particular, it needs to identify which specific cultivation 
conditions in a BES can induce metabolic shifts and how syntrophic microbial interaction can support 
the synthesis of longer chain carbons than acetate. In fact, it was demonstrated that a mildly acidic 
pH can shift the production of acetate toward ethanol via solventogenesis and that those products can 
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be sequentially elongated to C4 and C6 carboxylates via reversed β-oxidation in a gas fermentation 
process.149 This concept needs to be proved for reductive MES, which is the main aim of this RO. In 
addition, RO 3 targets microbial community characterization and metabolic network analysis to get 
a better understanding regarding the microorganisms involved and which metabolic pathways 
facilitate MES of C2, C4 and C6 multicarbons from CO2. 
 
2.4 RO4: Establishing a two-step process for optimized acetogenesis, solventogenesis and 
elongation phases using secondary MET 
Besides the proven potential of METs as an useful technology to drive the production of a target 
product via direct influence of the microbial metabolism using an anode as an electron sink or a 
cathode as an electron source (primary METs), METs can also offer the potential for chemical-free 
pH control and inline product recovery via advanced BES design (secondary METs).9, 132 However, 
so far demonstration of powerful combination of primary and secondary METs are rare, which is 
addressed by the final RO. The aim of RO4 is to design a reactor system that supports simultaneously 
direct MES and maintains optimum pH conditions for the production of higher alcohols from CO2. 
In particular, based on the outcomes of RO3, acetogenesis and carbon-chain elongation requires 
ideally neutral pH, while the requisite for solventogenesis is a pH around 5. RO4 targets to engineer 
one system providing simultaneously optimized conditions for acetogenesis, solventogenesis and 
carbon-chain elongation via a novel three-chamber BES with two cathodic chambers. 
.   
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Chapter 3.  Material and methods 
This chapter presents all material and methods used to address RO1-4 and to achieve the research 
outcomes reported in the following Chapter 4. In the oxidative MES experiments (RO2), a pure 
culture of C. glutamicum was cultivated and characterized in two different reactor systems to obtain 
the research outcomes in sections 4.2. While in the reductive MES  studies, a mixed culture was the 
biocatalyst of choice, cultured in a two-chamber (RO3) and a three-chamber BES (RO4) to achieve 
the results reported in sections 4.3 and 4.4, respectively. 
 
3.1 Chemicals 
All chemicals used in this work were obtained from Sigma-Aldrich (USA and Germany), Ajax 
Finechem (Australia) or Alfa Aesar (USA) in analytical grade and were not further purified. In tracer 
experiments to analyze the anodic influence on the metabolism of C. glutamicum, 99 % [1-13C] 
glucose (Sigma Aldrich, USA) was used as the carbon source. 
 
3.2 Media 
For the cultivation of C. glutamicum lysC (oxidative MES) a lysogeny broth (LB) medium and a 
defined mineral medium was used. The LB medium consisted of 10 g tryptone, 10 g NaCl and 5 g 
yeast extract per litre medium. The defined growth medium contained per litre: 11 g glucose, 3.70 g 
KH2PO4, 15.53 g K2HPO4, 10.64 g (NH4)2SO4, 0.26 g MgSO4, 16.96 mg CaCl2, 31.91 mg 3,4-
dihydroxybenzoic acid, 1 ml vitamin solution (0.11 mg/ L-1 cobalamin, 0.32 g/ L-1 thiamine, 0.02 mg/ 
L-1 pyridoxal phosphate, 0.11 g/ L-1 biotin) and 1 ml trace element solution (10.64 g/ L-1 FeSO4·7H2O, 
10.64 g/ L-1 MnSO4·H2O, 2.13 g/ L
-1 ZnSO4·7H2O, 0.21 g/ L
-1 CuSO4·5H2O, 21.28 mg/ L
-1 
NiCL2·6H2O and 21.28 mg/ L
-1 Na6Mo7O24·2H2O) 
150. Where required, K3[Fe(CN)6] was added (1.5 
mM). 
 
For cultivation of the mixed culture in the two-chamber BES (reductive MES), a defined low-buffered 
mineral medium was used, containing per litre: 2.1 g sodium 2-bromoethanesulfonate, 2 g KH2PO4, 
0.4 g NH4Cl, 15 mg CaCl2, 4 mg MgCl2·6H2O and 1 ml trace element solution (10 g L
-1 EDTA, 1.5 
g L-1 FeCl3·6H2O, 0.18 g L
-1 KI, 0.15 g L-1 CoCl2·6H2O, 0.15 g L
-1 H3BO3, 0.12 g L
-1 MnCl2·4H2O, 
0.12 g L-1 ZnSO4·7H2O, 0.06 g L
-1 Na2MoO4·7H2O, 0.03 g L
-1 CuSO4·5H2O, 23 mg L
-1 NiCl2·7H2O) 
(pH = 5.0, electrical conductivity = 3.5 mS cm-1).151 
 
In the three-chamber experiments for the cultivation of the mixed culture (reductive MES), a higher-
buffered mineral medium containing the same trace element and salt concentrations as in the two-
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chamber batches, except for KH2PO4 and NH4Cl 6, which concentrations were changed to 6 and 3 g 
L-1, respectively. Further, 6 and 1 g L-1 Na2HPO4 and yeast extract were added to increase the buffer 
capacity and to enhance bacterial growth, respectively (pH = 7.4, electrical conductivity = 4.71 mS 
cm-1). 
 
The anodic chambers of all BESs were filled with a potassium phosphate buffer (PPB), consisting of 
15 g L-1 KH2PO4 and 30 g L
-1 K2HPO4 (pH = 6.8, electrical conductivity = 24 mS cm
-1). 
 
3.3 Cultures and cultivation conditions 
In the oxidative MES studies (section 4.2), the lysine-producing strain C. glutamicum lysC was used, 
which was kindly provided by Prof. Christoph Wittmann (Institute for Systems Biotechmology, 
Saarland University). This strain has a single nucleotide exchange (S301Y) in the gene encoding the 
aspartokinase 152. This results in lysine overproduction due to the release of the feedback inhibition 
of the aspartokinase. 
Colonies were grown on LB agar plates at 30 °C and were transferred afterwards into 500-mL baffled 
shake flasks, containing 100 mL of cultivation, for aerobic overnight cultivation in an orbital shaking 
incubator (Multitron, Infors, Bottmingen, Switzerland) at 200 rpm and 30 °C. When cells had reached 
an optical density (OD660) between 5 and 6 (log phase), cells were harvested by centrifugation (10000 
× g, room temperature, 3 min), washed and resuspended in fresh cultivation medium. The BESs were 
inoculated to a start OD660 of 0.55 or 3.65, respectively, to study the effect of higher inoculum, 
respectively. 
 
In the reductive MES studies, in which a two-chamber BES was used (section 4.3), the cathode 
chamber was inoculated with 10 mL of mixed reactor microbiome obtained from a BES, which 
performed MES of acetate from bicarbonate at neutral pH already operating in our laboratory.131 The 
experiments were performed in semi-batch mode (SB) in an incubator set at 35°C, whereby 
medium/nutrients were supplied in batch mode, while gaseous CO2 (purity: >99.9%, BOC, Australia) 
was periodically sparged in the reactor to ensure the continuous supply of inorganic carbon (for details 
see following section 3.4 ‘BES set-up and operation’). 
 
In the reductive MES studies using a three-chamber BES (section 4.4), both cathodic chambers were 
inoculated with 50 mL of broth (containing planktonic cells) and 12 mL of graphite granules 
(containing biofilm on the surface of the granules) from the two-chamber BES (section 4.3), which 
was operated for more than two years, and enriched with an electroactive microbiome dominated by 
Clostridium spp. capable of converting CO2 into C2-C6 carboxylates and their corresponding 
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alcohols via acetogenesis, solventogenesis and carbon-chain elongation (see research outcomes of 
section 4.3). The cultivation conditions are described in the following section 3.4 ‘BES set-up and 
operation’. 
 
3.4 BES set-up and operation 
All potentials in this work are reported with respect to the Standard Hydrogen Electrode (SHE). 
 
Custom-made 350 mL BES for oxidative MES 
The oxidative MES experiments (section 4.2) were performed in a double-wall jacketed glass vessel 
BES with a total volume of 350 mL (Figure 10). The lid and fittings to fit probes and electrodes were 
made out of poly-ether ether ketone (PEEK). The BES was operated using a working electrode 
(carbon cloth with a projected surface area of 25 cm2; CCP20 Fuel Cell Earth, Stoneham, MA, USA), 
a counter electrode (coiled titanium mesh with a projected surface area of ~66 cm2; Kaian Metal Wire 
Mesh, Anping, P.R. China) and a reference electrode (Ag/AgCl electrode in saturated KCl; +0.197 V 
vs SHE; RC-1CP, Als; Tokyo, Japan). The working electrode and the counter electrode were 
connected to a titanium wire (length: 16 cm; diameter: 0.5 mm; purity: 99.8%; Advent Research 
Materials, Oxford, England) functioning as electrical conductor. The counter electrode was immersed 
into a 15 mL glass tube with a circular cation exchange membrane (surface area: 28,27 mm2; CMI-
7000; Membranes International INC., Ringwood, NJ, USA) at the bottom of the tube allowing ionic 
exchange between anodic and cathodic compartments. The reference electrode was in a second glass 
tube connected to the anodic compartment through a glass frit. 
The BES was filled with PPB and autoclaved at 121 °C for 21 minutes under high-pressure. The 
reference electrode and additional probes were sterilized with 70% ethanol, washed with sterile water 
and added to the BES afterward under sterile conditions in a biosafety cabinet. Here, also the PPB 
was replaced by sterile cultivation medium (295 ml). The reference compartment was filled with 
sterile cultivation medium lacking glucose and the mediator. While the counter compartment was 
filled with PPB. A magnetic stirrer operating at 450 rpm ensured mixing of the medium, which was 
kept at 31 ± 0.5°C. The medium was sparged with N2 at a flowrate of 0.1 L/min for 1 hour to achieve 
anaerobic conditions in the reactor. The respective off-gas was led through a condenser, which was 
chilled to 8°C to minimize evaporation of the medium. Afterward, just the reactor headspace was 
flushed with N2 to guarantee anoxic conditions, which were confirmed and monitored by an optical 
oxygen sensor (OXY-4 mini, PreSens, Regensburg, Germany). Furthermore, the pH was controlled 
at 7.2 ± 0.2 by a pH control system adding HCl or NaOH to the medium as required. The potential of 
the working electrode was set to a value of +0.697 V using a potentiostat (Potentiostat/Galvanostat 
VSP, BioLogic Science Instruments, France). In order to provide sufficient CO2 to support 
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anaplerotic synthesis of oxaloacetate under anaerobic conditions,153 a sterile solution containing 
saturated sodium bicarbonate was added to the anodic chamber (7.5 mM) before inoculation with a 2 
mL pre-culture. 
 
 
Figure 10: BES set-up used for oxidative MES studies. A: Picture of the reactor. B: Enlarged inner compartment without 
the reactor vessel. C: Schematic image of the reactor for a better visualization. 
 
Commercial fermentor with integrated assembly enabling oxidative MES 
In addition, oxidative MES performance of C. glutamicum was analyzed in the well-characterized 
scale-up reactor (4.2.1). Krieg and co-workers established an assembly that hosts electrodes and can 
be integrated into a commercial 3.7 L KLF 2000 fermentor (Bioengineering, Wald, Switzerland) to 
add electrochemical control to the system while at the same time being able to use the existing 
infrastructure of the commercial bioreactor allowing a define controlled fermentation process (Figure 
11).154 The assembly was made of PEEK and designed and manufactured to host the working and 
counter electrode, which were separated by a membrane (A = 20.3 cm²; Nafion® 117, Dupont, 
Wilmington (DE), USA) (Figure 1A). The counter electrode compartment consisted of a cylindrical 
part, with a silicone-sealed lid to prevent catholyte and anolyte from mixing. A layer of carbon fabric 
(geometric surface area = 120 cm²; ACC-5092-15, Kynol, Hamburg, Germany) was folded in the 
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middle two times, placed into the counter electrode compartment and contacted by weaving a 
platinum wire (d=0.5 mm) through the layer winding it afterwards to the platinum wire of the contact 
fitting. Fittings (SS-8-HRN-4, Swagelock, Schönefeld, Germany) were added for the perfusion of the 
cathode with catholyte from a stock bottle placed outside of the reactor, which was open to air. 
Identical fittings were used to contact the working and counter electrode by integration of a glass 
cylinder (d=6 mm) with a platinum wire (d=0.5 mm, manufactured from Fischer Labortechnik 
GmbH, Frankfurt am Main, Germany) melted into the glass cylinder. The scaled-up reactor was 
operated and inoculated in the same manner as described above in the experiments using 350 mL 
custom-made electrobioreactors. The potential was controlled using an Interface 1000 potentiostat 
(Gamry Instruments, Warminster, PA, USA). 
 
 
Figure 11: Set-up of the well-characterized scaled-up BES for oxidative MES. Different possibilities to equip a 
conventional bioreactor with electrodes. A: PEEK assembly for a commercial 3.7 L KLF 2000 fermentor to add 
electrochemical control. B: Equipped fermentor with assembly. C: Scheme of the electrobioreactor with controls and 
separation of the counter electrode (dashed red line) with temperature (T), pH control and stirring unit (motor M). Adapted 
from Krieg et al.154 
 
Two-chamber BES for reductive MES 
30 
The two-chamber BES used in the studies of reductive MES (4.3) was a standard glass 
vessel (internal volume: 1.9 L) modified to accommodate anode and cathode chambers 
(Figure 12). The vessel was partially filled with ca. 420 mL graphite granules (average 
diameter: 6 mm, El Carb 100, Graphite Sales Inc., USA), which served as the cathode 
electrode (working electrode). A tubular cation exchange membrane (diameter: 2.86 cm, 
projected surface area: 152.1 cm2, CMI-7000T, Membranes International INC., USA) was 
mounted onto a polyethylene tube and inserted into the cylindrical BES to obtain the anode 
chamber, which hosted a Pt wire (length: 16 cm, diameter: 0.50 mm, purity: 99.95%, 
PT5414, Advent Research Materials Ltd, UK) as the anode electrode (counter electrode). 
An Ag/AgCl reference electrode in saturated KCl (+0.197 V vs. SHE, RC-1CP, Japan) was 
placed in proximity to the working electrode. 
The cathodic chamber was filled with 1 L of minimal growth medium, which was recirculated 
by a peristaltic pump at a flow rate of 27 ± 0.5 mL min-1 to ensure mixing of the medium. At 
the beginning of each batch test, the medium was sparged with N2 for one hour to remove 
any trace of oxygen. Throughout the BES operation, the potential of the working electrode 
was poised at -0.80 V using a multichannel potentiostat (potentiostat/galvanostat VMP-3, 
BioLogic Science Instruments, France). Values of electric current are normalized relatively 
to the projected surface area of the membrane (i.e., 152.1 cm2) to yield current densities. 
At the end of each SB, approximately 95% of the cathodic medium was drained and replaced 
by fresh medium to start the following new SB. Each SB was considered finished when no 
further increase in the production of C4 and C6 carboxylic acids were observed, as per 
liquid-phase sample analysis. 
The pH was monitored continuously by a pH/ORP transmitter (Liquisys CPM253, 
Endress+Hauser, Germany). In fact, due to the non-optimal proton diffusion from the anodic 
to the cathodic chamber as result of imperfect selectivity of the cation exchange membrane 
towards protons, the pH in the anodic chamber was 1.9, while the pH in the cathodic 
chamber tended to increase. However, periodic CO2 gassing of the cathodic chamber 
enabled the pH to decrease since dissolved CO2 dissociates in water into carbonic acid 
(H2CO3). CO2 was not only used to regulate the pH in the cathodic chamber, but also to 
provide the microorganisms with the carbon source required throughout the experiments. At 
the pH of around 5, most of the inorganic carbon was in the form of dissolved CO2, thus 
available to the microbial metabolism. In SB-I to -III, the CO2 was provided approximately 
every one to three days by routinely sparging the catholyte for 15 minutes at a rate of 50 mL 
min-1. In SB-IV to -VI, a CO2 mass-flow controller (El-FLOW Select, Bronkhorst, 
Netherlands) was installed and connected to the pH/ORP transmitter which activated the 
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gas sparging at a flow of 10 mL min-1 when the pH of the catholyte reached values above 
the set-point of 5.2. Continuous availability of CO2 as a substrate was confirmed by 
measuring the gas in the reactor headspace (Figure A2, appendix). In addition, in SB-IV to 
-VI a peristaltic pump was connected to the pH/ORP transmitter for automatic addition of a 
1 M NaOH solution if the pH dropped below 4.9 due to high production of organic acids. 
 
 
Figure 12: Two-chamber BES set-up used for reductive MES. A: Picture of the reactor. B: Schematic image of the 
reactor. C: Cross section of the anode chamber. A tubular cation exchange membrane was sealed at the bottom and 
mounted onto a polyethylene tube, which was inserted into the reactor and surrounded by carbon granules. 
 
Three-chamber BES for reductive MES 
An innovative three-chamber electrochemical system comprising of two biological cathode 
chambers and one abiotic anode compartment (Figure 13) was designed to provide optimal 
pH conditions for acetogenesis (conversion of CO2 into acetate), solventogenesis (reduction 
of produced carboxylates into corresponding alcohols) and carbon chain-elongation 
(elongation of ethanol and acetate to C4 and C6 carboxylates) simultaneous in one reactor 
system (research outcomes of section 4.4). The flat plate reactor consisted of three aligned 
acrylic frames [10 cm (width) × 10 cm (height) × 2 cm (depth)] mounted between two acrylic 
plates (20 cm × 20 cm × 1 cm) to yield three reaction chambers with internal volume of 200 
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cm3. The anode chamber, herein indicated as AC1, Figure 13, was separated from the 
middle chamber (cathodic chamber 1, CC1) by a 100 cm2 cation-exchange membrane 
(CEM, CMI-7000, Membranes International Inc., U.S.A.), while an anion-exchange 
membrane (AEM, AMI-7001, Membranes International Inc., U.S.A.) with the same 
dimensions separated CC1 from a second cathodic compartment CC2. A titanium mesh 
electrode coated with 12 g m-2 Ti/Ru0.7Ir0.3O2 (5 cm × 5 cm × 0.1 cm; Magneto Special 
Anodes, Netherlands), was placed in the anode chamber and functioned as the anode 
(counter electrode). Each cathodic chamber was filled with ca. 110 cm3 (176.2 g) graphite 
granules (average diameter: 6 mm; El Carb 100, Graphite Sales Inc., U.S.A.), which served 
as the cathode electrodes (working electrodes). External electric connection of the granular 
bed was guaranteed by inserting two graphite rods into the cathode compartments (length: 
15 cm, diameter: 5 mm; Element14, Australia). An Ag/AgCl reference electrode in saturated 
KCl (+0.197 V vs the Standard Hydrogen Electrode, SHE; RC-1CP, Japan) was placed in 
each cathodic chamber in close proximity to the electrodes. Electrochemical control was 
provided using a multichannel potentiostat (potentiostat/galvanostat VSP, BioLogic Science 
Instruments, France). 
The medium in each chamber was recirculated separately through modified Schott bottles 
(500 mL), one for each chamber, by a peristaltic pump at a flow rate of 55.7 ± 1.2 mL min−1 
to ensure adequate mixing of the medium. The pH, temperature (set to 35 °C) and the 
dissolved oxygen (to confirm continuous anaerobic conditions) were monitored by a 
BIOSTAT® B (Sartorius, Germany). 
At the start of the experiment, each chamber including its buffer vessel was filled with 300 
mL of a 100 mM HCl solution, and recirculated overnight to sterilize the reactor system and 
to clean the carbon granules. The HCl solution in AC1 was replaced by the PPB solution 
(450 mL), while the acidic solution in CC1 and CC2 was replaced by 350 and 450 mL 
minimal growth medium, respectively (the abiotic batches, see below, lacked sodium 2-
bromoethanesulfonate and yeast extract). The medium in the cathodic compartments was 
sparged with N2 until anoxic conditions were achieved. 
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Figure 13: Photographs of innovative three-chamber BES setup with dual biocathodes and a detailed assembly schematic 
of the aligned acrylic frames creating each chamber (AC1, CC1 and CC2). 
 
The performance of the three-chamber microbial electrosynthesis system was evaluated through two 
abiotic batch tests (tests A and B) and two biotic batch tests (tests C and D). For abiotic batch A, in 
order to characterize the ability of the system to transfer carboxylates from chamber CC2 to CC1, 
210 mM-C acetate was added in CC2. In abiotic batch B, to analyze the simultaneous diffusion of 
ethanol and electromigration of acetate across the membranes in addition to acetate in CC2, 72 mM-C 
ethanol was added in CC1. In biotic batch C, to test the suitability of the system to convert CO2 into 
acetate via acetogenesis, CC2 was inoculated with active biomass, while CC1 was kept abiotic. 
Finally, in batch D, to test the ability of the system to simultaneously produce carboxylates and 
alcohols, CC1 was also inoculated with active microbiome. 
During the batch tests, cathodes CC1 and CC2 were operated alternatively in chronoamperometric 
mode to define Phases 1 and 2, which are described in 4.4.1. In batch A and B, cathode CC1 was 
operated in at a potential of -0.8 V for 20 min, while the cathode CC2 was kept at open circuit (Phase 
1). Successively, cathode CC2 was poised at -0.8 V for 10 min, while cathode CC1 was kept at open 
circuit (Phase 2). A 30 sec pause was applied between the phases. In biotic batch C, the potential in 
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CC1 was reduced from -0.8 V to -0.85 V to allow a faster pH raise in CC1. Nevertheless, a trend of 
continuous pH decrease was observed over time in CC1, which required the addition of a NaOH to 
correct the pH to the setpoint of 4.9 (Text S1). A stable pH without the need of base addition was 
achieved in batch D by further reducing the potential applied to CC1 to values between 0.85 and 0.9 
V for application periods between 20 and 25 min during phase 1, while potential applied to cathode 
CC2 during phase 2 varied between -0.80 and -0.85 V for periods of 5 and 10 min. During this test, 
a tube connecting the headspace of chamber CC1 and the recirculation loop of CC2 was added to 
allow for ethanol transfer from CC1 to CC2 using H2 as stripping gas and facilitate chain-elongation 
in CC2. 
 
3.5 Cyclic Voltammetry 
Cyclic voltammetry (CV) was used to characterize the mediator ferricyanide (1.5 mM) used in the 
oxidative MES studies (section 4.2, Figure 20B). The anodic chamber of a H-shaped two–chamber 
electrochemical cell was filled with a defined mineral growth medium (lacking a carbon source) while 
the cathodic chamber contained a 0.1 M KCl solution. The same three-electrode setup was used as 
described in the custom-made 350 mL BES reactors. For the CV measurements, current profiles of 4 
cycles (repeats) were recorded by scanning the anode potential at a scan rate of 0.5 mV/s within a 
potential window between 0 and 0.8 V, sufficiently wide to detect oxidation and reduction of the 
ferricyanide in solution. During the measurements, the pH was set to 7.2 and 30°C. 
 
3.6 Analytics 
 
3.6.1 Photometric measurements 
The cell density of C. glutamicum lysC was measured photometrically at a wavelength of 660 nm 
(OD660), using water as a blank. Optical density was converted into cell dry weight (CDW) by the 
following empirically determined conversion factor: CDW [g/L] = 0.353 × OD660.
150 
 
3.6.2 High pressure liquid chromatography 
In the oxidative MES studies (section 4.2), each sample for the analysis of sugars, organic acids, 
alcohols and amino acids via high pressure liquid chromatography (HPLC) was centrifuged (15,000 
×g, 4 °C, 8 min) followed by 0.22 μm filtration of the supernatant. 
In the low inoculum experiments, sugars, organic acids and alcohols were quantified by ion-exclusion 
chromatography using an Agilent 1200 HPLC system (Agilent, Santa Clara, CA, USA) and an 
Agilent Hiplex H column (300 × 7.7 mm) with guard column (SecurityGuard Carbo-H, Phenomenex, 
Torrance, CA, USA). Briefly, the column temperature was kept at 65 °C and analytes were eluted 
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isocratically with 4 mM H2SO4 at 0.6 mL/min for 26 min. Sugars and alcohols were monitored using 
a refractive index detector set on positive polarity and optical unit temperature of 40 °C, while organic 
acids were monitored using absorbance at 210 nm.155 
For the tracer experiments and high inoculum experiments, an Aminex HP87-H column (300 × 7.7 
mm, Biorad, Hercules, CA, USA) and a similar method has been used to quantify sugars and organic 
acids.156 
Quantification of amino acids in low inoculum experiments was done by HPLC (Agilent 1200-SL 
HPLC system (Agilent, Santa Clara, CA, USA), equipped with an active seal wash and a degasser 
(Agilent Degasser, G1379B). Briefly, the samples were injected onto an Agilent Zorbax Extend C-
18 column with a set temperature to 37 °C (3.5 µm, 4.6 x 150 mm) with a guard column 
(SecurityGuard Gemini C18, Phenomenex, Torrance, CA, USA). The mobile phase A consisted of 
10 mM Na2HPO4, 10 mM Na2B4O7, 150 µM sodium azide, and 17.4 mM HCl (pH 7.8). The HPLC 
gradient was 2-45% mobile phase B (45% acetonitrile, 45% methanol and 10% water) from 0-18 min, 
50-60% B from 18.1-20 min, 100% B from 20.1-24 min, and 2% B from 24.1-27 min – using a binary 
pump. Derivatized amino acids were monitored using a fluorescence detector. For more details: 
Valgepea et al. 2017.157 
For the quantification of the amino acids in the tracer experiments and the high inoculum experiments, 
a mobile phase A consisted of 40 mM Na2HPO4 77 mM sodium azide, (NaOH, pH 7.8) was used. As 
an internal standard, 200 µM γ-Aminobutyric acid was utilized.156 
 
In the oxidative MES experiments using the commercial fermentor with the integrated electrode 
assembly (4.2), lactate, succinate and acetate were measured by HPLC (Prominence 20 series, 
Shimadzu Deutschland GmbH, Duisburg, Germany) equipped with a Rezex ROA-Organic Acid 8% 
H+ 300x7.8 mm (Phenomenex, Aschaffenburg, Germany) column via a photo diode array detector 
(SPD-M20A, Shimadzu Deutschland GmbH, Duisburg, Germany) at the detection wavelength of 
209 nm. Sulfuric acid (5 mM) was used as mobile phase with a flow rate of 0.6 mL min-1 at 60 °C 
over a total run time of 30 min. Quantification was done using a calibration curve with external 
standards in the range of 0 to 200 mM lactate, succinate and acetate, respectively.154 
Lysine and alanine were analyzed on an equivalent HPLC system equipped with a Kinetex® 2.6 µm 
XB-C18 100 Å 30x2.1 mm column (Phenomenex, Aschaffenburg, Germany) and coupled to a triple-
quadrupole mass spectrometer (LCMS-8040, Shimadzu Deutschland GmbH, Duisburg, Germany) 
with an electrospray ionization source (Shimadzu Deutschland GmbH, Duisburg, Germany). Column 
temperature was 30 °C, the mobile phase consisted of solvent A, H2O + 0.0025 % ammonia, and 
solvent B, acetonitrile, combined following a binary gradient method (0 min 5 % B, 1.5 min 5 % B, 
1.8 min 95 % B, 3.2 min 95 % B, 3.3-4.5 min 5 % B) with a run time of 4.5 min and a total flow rate 
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of 0.3 mL min-1. Electrospray ionization was performed in the positive mode while the interface 
voltage was set at 4.5 kV. To analyze lysine and alanine, the mass spectrometer was run in the selected 
ion monitoring mode at m/z 147.1 for the detection of protonated lysine and m/z 90.1 to detect 
protonated alanine, respectively. A linear calibration curve of external standards in the range of 0 to 
200 µM was used for quantification of the amino acids.154 
 
3.6.3 Gas-chromatography mass spectrometry 
In the tracer experiments with C. glutamicum lysC (section 4.2), each sample for gas-chromatography 
mass spectrometry (GC-MS) analysis was centrifuged and filtered as described in sample preparation 
procedure for HPLC analysis, followed by drying the sample under a nitrogen stream and 
derivatisation with a mixture of 0.1% pyridine in dimethylformamide and N-methyl-N-(tert-
butyldimethylsilyl)trifluoroacetamide. The isotope enrichment of extracellular alanine was measured 
using GC-MS as described before.158-160 The mass isotopomer distribution of alanine was corrected 
for naturally occurring isotopes.161 
 
3.6.4 Gas-chromatography analysis for liquid samples 
Samples of the liquid-phase were taken routinely from the cathodic broth (approximately every two 
to four days) in the reductive MES studies (sections 4.3 and 4.4) and filtered immediately through a 
0.22 μm pore filter for analysis of volatile fatty acids (VFA, C2 to C6) and their corresponding alcohols 
via gas chromatography (GC). GC analysis was performed using an Agilent Technologies 7890A GC 
System (Agilent, USA) equipped with a polar capillary column (DB-FFAP 30 m × 0.53 mm × 1.0 
μm) and flame ionization detector (make-up flow: 10 mL min-1 N2; 250oC). Formic acid and 2-
ethylbutyric acid were used as internal standards. 0.2 μL of each sample was injected in pulsed 
splitless at 220oC. High purity helium gas was used as carrier gas. The analyses were performed using 
the following temperature programme: 2 min at 60oC, 20oC min-1 to 240oC, hold for 2 min.83 
For quality control of the GC results, few samples were analyzed double via HPLC with the same 
method as low inoculum experiments in oxidative MES studies. 
 
3.6.5 Gas-chromatography analysis for gas samples 
Anaerobic conditions, methanogenesis inhibition and availability of CO2 during reductive MES 
experiments (sections 4.3 and 4.4) were confirmed by qualitative analysis of gas samples from the 
reactor headspace via GC. A GC-2014 gas chromatograph (Shimadzu, Japan) equipped with a Valco 
GC valve (1 mL sample loop), a HAYESEP Q 80/100 packed column (2.4 m length; 1/8” outside 
diameter, 2 mm inner diameter) and a thermal conductivity detector were employed. High purity 
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argon was used as carrier gas at a flow rate of 28 mL min-1 and a pressure of 135.7 kPa. The 
chromatograph injection port, oven and detector were operated at 75, 45 and 100 °C, respectively.162 
 
3.6.6 Total organic carbon analysis 
In the reductive MES experiments performed in the two-chamber BES (section 4.3), a multi N/C 
2100S Total Organic Carbon Analyser (Analytik Jena, Germany) was used for the measurement of 
the total organic carbon (TOC). First, the total inorganic carbon (TIC) was quantified separately by 
injection of the sample into a 2.6 M phosphoric acid solution. The resulting CO2 was stripped from 
the solution with a stream of oxygen and measured by a near-infrared detector. Second, total carbon 
(TC) was quantified by oxidizing organic compounds at 720 °C  with pure oxygen and a platinum 
catalyst to CO2, which was measured with a near infrared detector.
163 The TOC was calculated by 
following Eq. (1) below: 
𝑇𝑂𝐶 = 𝑇𝐶 − 𝑇𝐼𝐶     Eq. (1) 
 
3.6.7 Metagenomics 
At the end of semi batch-III to –VI in the reductive MES studies using the two-chamber BES (section 
4.3), samples of planktonic cells (i.e., cells floating in the liquid medium) and biofilm (i.e., growing 
on the surface of graphite granules) were harvested and prepared for metagenomic analysis as 
following: For planktonic cells, 60 mL of the reactor broth was centrifuged (4000 rpm, 20 min) and 
the resulted pellet was used for deoxyribonucleic acid (DNA) extraction. For the biofilm, ca. 20 
granules were taken from the reactor, carefully washed with fresh medium and kept for five minutes 
in an ultrasonic bath (Unisonics, Australia). After vortexing, the granules were removed, the liquid 
sample was centrifuged in the same way as the planktonic cells and the obtained pellet was used for 
DNA extraction. 
The cells were lysed via bead-beating for 5 minutes with 0.1 mm zirconia beads (Mo-Bio 
PowerLyzer, USA). The DNA was extracted from swabs (Copan, 4N6FLOQ) using a Faecal 
Extraction Kit (Chemagic, PerkinElmer) following the manufacturer’s protocol. DNA was 
quantitated with a Qubit broad range assay (ThermoFisher Scientific; Qubit 3.0 Fluorometer and 
Qubit dsDNA BR Assay Kit) as per the manufacturer’s protocol. 
The libraries were prepared following the procedures described in the manufacturer’s protocol using 
Nextera XT Library Preparation Kit (Illumina, USA). For quality control and quantification, each 
library was assessed using an Agilent D5000 HS tap. Then, successful libraries were pooled in 
equimolar amounts for sequencing. On completion, pooled libraries were quantified using 
quantitative polymerase chain reaction (qPCR) on the ViiA7 platform (Applied Biosystems, USA) 
and analyzed with ViiA7 v1.2 software. Library QC was performed using the Agilent HS Bioanalyzer 
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kit following Agilent’s protocol. Successfully pooled libraries were denatured for sequencing on the 
NextSeq500 system using the manufacturer’s protocol and a High Output 2 x 150bp PE Sequencing 
reagent cartridge (Illumina, USA). Following that procedure, 2 gigabases of data per sample were 
generated. 
The metagenome was annotated to establish functional gene orthologs via KEGG (Kyoto 
Encyclopedia of Genes and Genomes) Orthology database to prove if required enzymes for the 
putative pathways could be potentially expressed. The reads were aligned with DIAMOND 
(https://ab.inf.uni-tuebingen.de/software/diamond) to Uniref100,164 and the top hits were mapped to 
the KEGG Orthology database (http://www.genome.jp/kegg/) using UniProt ID mapping service 
(http://www.uniprot.org/).165-166 In addition, DIAMOND was used to blast open reading frames 
(ORFs) against UniProt100 (containing UniRef100_D2BR82 Alpha-ketoisovalerate decarboxylase 
n=1 Tax=Lactococcus lactis subsp. lactis (strain KF147), TaxID=684738, 
RepID=D2BR82_LACLK). The taxonomy of the mixed culture was defined to the genus level via 
CommunityM, a tool for identifying, classifying and assembling 16S reads in metagenomic data 
(https://github.com/dparks1134/CommunityM).167 
 
3.7 Calculations 
Oxidative MES experiments 
The transferred electrons to the anode during oxidative MES (section 4.2) were determined by 
multiplying the current (A) at each time point with the time difference to the previous point in s giving 
A s (1 As = 1 Coulomb (C)). Using the Faraday constant (96485.3365 C/mol) this was converted to 
mol electrons. Total mol was summed up and then normalized it to the reactor volume. This gives an 
artificial volumetric electron concentration that can be compared to the concentrations of metabolites. 
The midpoint potential value of the mediator was determined by CV measurements and the arithmetic 
averages of the anodic and cathodic peak potentials at different scan rates. 
The yield coefficients (Y) of quantified products were determined as the slope of plots of mol product 
versus mol glucose consumed. The carbon balance (CB) was calculated for each measuring point 
until the substrate was consumed (t = 78 h) using to the formula below: 
𝐶𝐵 (%) =
∑ (𝑚𝑖  ×  𝑛𝑖)𝑡𝑖
∑ (𝑚𝑖  ×  𝑛𝑖)𝑡0𝑖
⁄ × 100   Eq. (2) 
Where mi is the absolute quantity of compound i at a specific time t; ni is the carbon atom number of 
compound I. Time t0 denotes the point of inoculation. All individual time points of all respective 
repeat runs were averaged and standard deviations calculated. The redox balance (RB) was calculated 
based on the CB by additionally multiplying each compound with its degree of reduction (DOR) and 
also considering the mol electrons transferred to the anode. 
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The lower boundary (lb) for the entry flux into the oxidative pentose phosphate (PP) pathway at the 
level of glucose-6-phosphate dehydrogenase (νZwf,lb) was determined from the ratio between the 
fraction of the single labeled (M+1) and the non-labelled mass isotopomer (M) of alanine (IM+1/M), 
corrected for natural isotope abundance,161 using the equation bellow:159 
𝜈𝑍𝑤𝑓,𝑙𝑏 = (
1 − 𝐼𝑀+1/𝑀
1 +
2
3
 × 𝐼𝑀+1/𝑀
⁄ ) × 100   Eq. (3) 
The obtained result was used to derive the relative PP pathway flux (νZwf), using a correlation factor 
(f = 1.49) as given in the following equation: 
𝜈𝑍𝑤𝑓 = 𝑓 × 𝜈𝑍𝑤𝑓,𝑙𝑏     Eq. (4) 
This was enabled by the fact that the ratio between νZwf,lb and νZwf is found constant in lysine producing 
C. glutamicum. The 13C flux data of lysine producing strains, demonstrating this, were taken from 
previous work (Table A1, appendix). 
 
Reductive MES experiments 
The percentage of electrons from the cathode recovered in organic carbon products is provided as 
Charge Efficiency (ℇC) calculated per Eq. (5) below: 
ℇ𝑪 =  
𝐹 × ∑ (𝑚𝑖𝑖  ×𝐷𝑂𝑅𝑖)𝑡  
∫ 𝐼 𝑑𝑡
 × 100        Eq. (5) 
Where F is the Faraday’s constant, mi is the absolute quantity of product i in mol at a specific time t 
(see Table A2, appendix), DOR the degree of reduction of the product i and ∫I dt is the integration of 
produced current over time t, which yields the overall charge transfer in the electrochemical system. 
Covered organic carbon represents the percentage of biosynthesized products in the broth measured 
with GC with regards to the TOC measured in the broth. The microbial cells as organic biomass were 
not taken into this account. Eq. (6) below was used to calculate the covered organic carbon (COC): 
𝐶𝑂𝐶 =  
∑ (𝐶𝑖,𝐺𝐶)𝑡𝑖
𝐶𝑇𝑂𝐶,𝑡
 × 100    Eq. (6) 
Where Ci,GC is the absolute carbon quantity of product i in g at a specific time t (see Table A2, 
appedix) measured via GC and CTOC is the total organic carbon in g measured via TOC analyzer at 
the specific time t. 
The amount of dissociated and undissociated carboxylic acids was calculated via the Henderson–
Hasselbalch equation: 
𝑝𝐻 = 𝑝𝐾𝑎 + log (
[𝐴−]
[𝐻𝐴]
)         Eq. (7) 
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Where pKa is the logarithmic acid dissociation constant of an organic carboxylic acid HA, that 
dissociates into the carboxylate A−.  
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Chapter 4.  Research outcomes  
The research outcomes of this thesis are presented in the following four subchapters, each addressing 
the research objectives described in chapter 2. The section 4.1 reviews electron transport chains of 
diverse bacteria and discusses their potential for EET in oxidative and reductive MES applications. 
The second subchapter 4.2 introduces an approach for anaerobic production of amino acids by a 
recombinant C. glutamicum strain using the anode as the final electron acceptor mediated via 
ferricyanide (oxidative MES). The following chapter 4.3 focuses on the use of a cathode as a reducing 
power source to enable the conversion of CO2 into C2, C4 and C6 carboxylates and alcohols by a 
mixed culture (reductive MES). The final subchapter 4.4 introduces a three-chamber microbial 
electrosynthesis system with dual-biocathod demonstrating an advanced combination of primary and 
secondary METs, which provides simultaneously two different pH conditions optimal for carboxylate 
and alcohol production in one system (secondary MET for reductive MES). 
Each subchapter includes a discussion about the major findings and a short conclusion. In addition, a 
general discussion of all research outcomes as well as a conclusion including future perspective is 
given in chapter 5 and 6. 
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4.1 Microbial electron transport and energy conservation – the foundation for optimizing 
bioelectrochemical systems12 
 
 
Figure 14: Graphical abstract of section 4.1. Abstract illustration of a full biological BES showing microorganism using 
the electrode as an electron donor and acceptor to drive the synthesis of target chemicals (reductive and oxidative MES). 
 
This section is based on the following published work and was modified to fit this thesis: 
Kracke F.*, Vassilev I.* and Krömer J. O., (2015). Microbial electron transport and energy 
conservation – the foundation for optimizing bioelectrochemical systems. Frontiers in Microbiology. 
6:575. doi: 10.3389/fmicb.2015.00575 
*These authors contributed equally to this work. 
 
MES has great potential as a sustainable biotechnology to enhance or enable the production of target 
chemicals. Whether one is considering an anode- or a cathode-driven bio-process, crucial in each 
application is the performance of the microbial host. The ability and especially the efficiency of the 
organism to exchange electrons with an electrode and connect this EET to its cellular carbon 
metabolism significantly influences the overall process performance. Many applications in BESs are 
so far restricted to lab-scale research projects as the electron transfer rates are simply too low to design 
a viable process scale-up.168 In order to optimize and advance METs a more thorough understanding 
of possible microbial extracellular electron exchange mechanisms using the anode as an electron 
acceptor or the cathode as an electron donor is needed.133 This section discusses the natural electron 
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transport chains of different organisms and discuss their potential benefits and limitations if used in 
a BES. Special focus lies on the connection of redox and energy metabolism in each species. 
 
4.1.1 Varieties of microbial electron transport chains 
In microbial electron transport chains, electrons are transferred from a low potential electron donor 
to an acceptor with more positive redox potential by redox reactions. These reactions are usually 
catalyzed by membrane-bound compounds that use the energy difference between donor and acceptor 
to establish an ion-gradient across the membrane, which in turn is used for ATP synthesis and thus 
converts the difference in electrical potential into chemical energy for the cell.169 
In order to adapt to different environmental conditions microbes developed an enormous variety of 
electron transport chains.15 Important systems catalyzing these redox reactions include primary 
dehydrogenases that supply high energetic electrons from a donor such as NADH and usually couple 
electron transport to H+ or Na+ transport across the membrane.169 Also involved in transmembrane 
ion-transport are membrane-localized (multi-)protein complexes such as cytochromes and terminal 
oxidases (reductases) that transfer electrons to a final acceptor such as oxygen, nitrate or fumarate.170-
172 Most transmembrane reductases and oxidases function as ion pumps but some do not. Electron 
carrying co-factors such as quinones, flavines, heme, iron-sulfur-clusters or copper ions also play an 
important role in microbial electron transport. Some of these are soluble lipophilic molecules that 
shuttle electrons between the relatively large enzymatic complexes inside the membrane (e.g. 
quinones) while others are catalytic cofactors bound to proteins (e.g. heme groups of 
cytochromes).173-174 There are also membrane bound complexes that use the exergonic electron 
bifurcation of soluble cellular redox compounds such as ferredoxin and NADH for transmembrane 
ion transport and therefore establishment of a motive force across the membrane that can drive ATP 
synthesis.175-177 
The achievable energy gain (Gibbs free energy, ΔG) of each electron transport chain is depending on 
the redox potential difference (ΔE) of all reactions between electron donor and acceptor. Some 
bacteria incorporate several electron transport chains, which they can use sometimes even 
simultaneously in order to respond to different electron acceptors and donors available in the 
environment.169, 178 Others are restricted to only one respiratory pathway.175, 179 This diversity of 
microbial electron transport mechanisms illustrates the complexity of the approach of 
bioelectrochemical techniques. In order to interfere efficiently with the redox metabolism of an 
organism one needs to understand the targeted site of extracellular electron transport and its metabolic 
impact. 
A wide range of microbes has been discovered to be able to exchange electrons with solid surfaces 
(direct EET) and/or soluble mediators (indirect EET) but only a few have been studied in depth. In 
44 
fact, the mechanisms of electron transport that are found in different species can differ significantly 
from one another. Dissimilatory metal reducing bacteria are amongst the most studied being able to 
“respire” insoluble metals in anaerobic environments. The model organisms G. sulfurreducens and 
S. oneidensis were studied by various research groups for decades and evidence for direct and indirect 
electron transfer between the organism and electrodes could be found.38, 134, 180-181 For both bacteria 
outer-membrane cytochromes were identified as essential compounds to enable EET.144, 182-184 
However, there are several differences in their electron transport chains, for example Shewanella 
excretes soluble electron carriers while similar compounds are missing in Geobacter spp..142, 185 
Furthermore it could be shown that the redox chains catalyzing an inward current rely on different 
mechanisms than current producing reactions.186-187 Another group of dissimilatory metal reducing 
bacteria is presented by the obligate anaerobe Thermincola, which were also found to be capable of 
directly transferring electrodes to anodes.188-189 Their EET mechanisms also seems to rely on 
cytochromes that in this case are cell-wall associated of the Gram-positive bacteria.190 Interestingly 
there are also organisms such as C. ljungdahlii, which do not have any cytochromes but were tested 
positive on EET.86, 191 The exact mechanisms by which electrons are transferred between the electrode 
surface and the microbial metabolism still remain unclear.192-193 Therefore we have a look at the native 
electron transport chains of several organisms that were studied in BESs. An overview is given in 
Table 1 and the following subsections discuss the mechanisms of the presented bacteria in detail. 
 
4.1.2 Specific EET in metal respiring bacteria 
The first microorganisms that we want to introduce and discuss belong to the group of dissimilatory 
metal reducing bacteria. As their name indicates, the microorganisms have the ability to interact with 
solid minerals, e.g. Fe(III) or Mn(IV), to obtain energy by using those minerals as electron acceptors 
and/or donors for their respiration process. Here a transport of electrons from a low redox potential 
donor to an acceptor with a higher redox potential can result in a proton gradient to drive ATP 
synthesis. That characteristic of breathing metals plays an important role in biogeochemical cycles 
and has the potential to be used for bioremediation and MES.194-195 
But how do the microorganisms respire insoluble metals and extract energy? This question has not 
been fully clarified in detail yet. In contrast to other respiration processes, where freely diffusible gas 
or readily soluble substances can easily enter the cell and be used as electron acceptors/donors, the 
major challenge for metal respiring bacteria is the interaction with the extracellular minerals, which 
cannot pass the cell membrane and do not have access to the periplasm nor cytoplasm. To overcome 
this barrier the bacteria need redox-active molecules in their outer membrane or have to excrete redox-
active shuttle molecules to transfer electrons between the cellular interior and the extracellular 
metals.15, 196 There exists a great diversity of mechanisms for such electron-shuttling pathways, which  
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Table 1: Electron transport characteristics and behaviour in BESs of organisms discussed in this chapter. Coloured symbols are used for microbe identification in Figure 3. Blue: 
aerobes; green: facultative anaerobes; red-yellow: obligate anaerobes. 
Organism Gram 
staining 
Key components in electron transport 
chain and coupling to energy 
conservation 
Experience in BES Important 
references Anode Cathode 
Shewanella 
oneidensis 
 
- Mtr pathway: Proton gradient created by 
cytochromes (c-type), soluble electron 
carriers and membrane bound NADH-
hydrogenase; 
ATP via H+-ATPase 
Various studies, model 
organism; direct and self-
mediated electron transfer 
Direct use of electrons by thin 
biofilms for reduction of 
fumarate to succinate 
Coursolle and 
Gralnick, 2010; 
Ross et al., 
2011.180, 197 
Geobacter 
sulfurreducens 
 
- Branched OMCs system: Proton gradient 
created by cytochromes (c-, d-types), 
soluble electron carriers and membrane 
bound NADH-hydrogenase; 
ATP via H+-ATPase 
Various studies, model 
organism; generation of 
comparatively high current 
densities by direct electron 
transfer through biofilms 
Direct use of electrons by thin 
biofilms for reduction of 
fumarate to succinate 
Bond and 
Lovley, 2003; 
Gregory et al., 
2004.38, 62 
Thermincola 
ferriacetica 
+ Putative electron transport chain based on 
multiheme c-type cytochromes associated 
with periplasm and cell surface; 
ATP via H+-ATPase 
First proof of anodic current 
production by direct contact 
of a Gram-positive organism 
No report Marshall and 
May, 2009; 
Parameswaran 
et al., 2013.188, 
198 
Sporomusa ovata - H+ gradient via membrane-bound 
cytochromes (b-, c-types) and quinones;  
ATP via H+-ATPase 
No report Direct use of electrons from an 
electrode for CO2 reduction to 
acetate and 2-oxobutyrate 
Nevin et al., 
2010.7 
Moorella 
thermoacetica 
 
- H+ gradient via membrane-bound 
cytochromes (b, d-type), quinones and/or 
Ech-complex; 
ATP via H+-ATPase 
No report Direct use of electrons from an 
electrode for CO2 reduction to 
acetate at high columbic 
efficiencies (>80%) 
Nevin et al., 
2011.86 
Acetobacterium 
woodii 
 
+ Electron bifurcating ferredoxin reduction 
Na+ gradient via membrane-bound Rnf 
complex (Ferredoxin:NAD+-
oxidoreductase), Membrane bound 
corrinoids (No cytochromes, no quinones); 
ATP via Na+-ATPase 
No report A. woodii was shown not to be 
able to directly accept 
electrons from a cathode; 
however was also determined 
as a dominant species in a 
cathodic mixed culture 
producing acetate from CO2 
Nevin et al., 
2011; Marshall 
et al., 2012.86, 199 
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and microbial and/or 
electrochemically produced 
hydrogen 
Clostridium 
ljungdahlii 
 
+ Electron bifurcating ferredoxin reduction 
H+ gradient via membrane-bound Rnf 
complex (Ferredoxin:NAD+-
oxidoreductase) 
(No cytochromes, no quinones); 
ATP via H+-ATPase 
No report (however a close 
relative C. acetobutylicum 
was shown to be able to 
oxidate acetate under current 
production)  
Direct use of electrons from an 
electrode for CO2 reduction to 
acetate 
Nevin et al., 
2011; Logan, 
2009.86 29 
Escherichia coli 
 
- H+ gradient via membrane-bound 
cytochromes (a-, b-, d-, o-type) 
dehydrogenases, quinones, flavins 
(bound); 
ATP via H+-ATPase 
E. coli is able to produce 
current after long 
acclimation times without 
mediator, or on modified 
electrodes 
No report Schröder et al., 
2003; Zhang et 
al., 2006; Zhang 
et al., 2007.200-
202 
Pseudomonas 
aeruginosa 
 
- H+ gradient via membrane-bound 
cytochromes (a-, b-, c-, o-type), 
phenazines, flavines (soluble and bound), 
quinones  
and dehydrogenases; 
ATP via H+-ATPase 
Current production mediated 
by self-secreted phenazines 
No report Hernandez et 
al., 2004; 
Rabaey et al., 
2005.143, 203 
Corynebacterium 
glutamicum 
 
+ H+ gradient via membrane-bound 
cytochromes (a-, b-, c-, d-type), quinones, 
flavins (bound) 
and dehydrogenases; 
ATP via H+-ATPase 
No report Increased lactic acid 
production with a mediator in 
a cathodic system 
Sasaki et al., 
2014.204 
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is explained in more detail in the section below by describing the EET of two model organisms. 
 
G. sulfurreducens: branched OMCs system 
The Gram-negative obligate anaerobic δ-proteobacterium G. sulfurreducens is used as a model 
organism for electroactive microorganisms.205 Since its genome was sequenced it is easier to analyze 
the detailed molecular mechanism of EET and to construct molecular models. In its genome, more 
than 110 genes coding putative c-type cytochromes have been identified, which likely play an 
important role in the electron transport pathway of this bacterium.206 It is assumed that several 
multiheme c-type cytochromes enable the transport of redox equivalents between the cellular 
menaquinone pool and the extracellular insoluble metals to create a proton gradient for energy 
conservation.205 The interaction between the cytochrome complexes in the electron transport chain is 
based on the redox potential of the different multiheme molecules of the cytochromes, whereby each 
heme has its own specific redox potential. In this way wide windows of potential ranges are created 
that overlap with each other and allow a bio-energetic transfer of electrons.207-208 
Figure 15A illustrates a model of the EET mechanism with the participating proteins, which were 
assigned a central role. Here a diheme cytochrome c peroxidase, designated ‘metal-reduction-
associated cytochrome’ (MacA), functions as a transmitter of electrons from the inner membrane to 
the triheme periplasmic c-type cytochrome (PpcA) in the periplasm. Following on, PpcA passes the 
electrons to the outer membrane cytochromes, termed OMCs (e.g., OmcB, OmcC, OmcS, OmcZ), 
which transfer the electrons to the extracellular acceptor. The branched OMCs system is very complex 
and is still not fully understood. It seems that different OMCs are required to interact with different 
extracellular metals or electrodes.205 For example, the octaheme cytochrome OmcZ is more abundant 
in biofilms grown on an electrode and a deletion of omcZ gene leads to current decrease of more than 
90% while there is no impact on the reduction of other electron acceptors such as Fe(III) oxide.209-210 
The dodecaheme cytochrome OmcB and the hexaheme cytochrome OmcS are essential for Fe(III) 
reduction while knock-out of the omcB or omcS genes results in no or hardly any effect on current 
generation through biofilms grown on an anode.172, 211 The proposed model reflects a greatly 
simplified EET mechanism. In fact, the EET pathway is subjected to a complex regulatory mechanism 
and there exist many more homologous omc genes, which can replace lacking cytochromes genes in 
generated mutants.212-213 For instance OmcB is important for the reduction of soluble Fe(III), but an 
∆omcB mutant can express homologs such as a dodecaheme OmcC, which allows the use of a parallel 
pathway to respire Fe(III).214 
In comparison to the transport of electrons to the anode, much less is known about the mechanism by 
which the cell takes up electrons from the cathode. Due to the reverse electron chain pathway the 
practicing shuttle molecules have to operate at different redox potentials. In contrast to current-
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generating biofilms, in current-consuming biofilms a lower expression of OMCs such as OmcZ were 
detected. Deletion of those associated genes, which were essential for anodic biofilms, had no impact 
to cathodic biofilms. In further studies it was observed, that in current-consuming biofilms a gene 
(GSU3274) encoding a putative monoheme c-type cytochrome was strongly expressed. Mutants 
lacking this gene lost their ability to take up electrons from a cathode, but did not show differences 
in EET to an anode. So it seems that GSU3274 plays a significant role in the EET from a cathode.134, 
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G. sulfurreducens shows best EET performance as a biofilm grown on the electrode based on direct 
electron transfer. This bacterium possesses excellent biofilm formation properties and the thickness 
of the biofilm is linked with the amount of generated current in a linear correlation up to a certain 
thickness limit.139 The transport of electrons in a multilayer biofilm to an anode can be achieved by 
two combined mechanisms. One transfer way is based on secretion of non-diffusing ‘mediators’ (e.g. 
cytochromes such as OmcZ) into the biofilm matrix, which can act as electron shuttles.210 The second 
way depends on ‘nanowires’, which are electrically conductive appendages that enable physical 
connection between cells and/or cells and surface of the electrode.139 The mechanism of the EET in 
such nanowires has not been clarified yet. One model proposes that the nanowires are pili with a 
metallic-like conductivity, which is based on aromatic amino acid residues within the appendages, 
which enable electron delocalization due to π-stacking.216-217 Another theory describes a 
‘superexchange’ model, in which the electrons are ‘hopping’ along a chain of redox active proteins 
to the final electron acceptor.218-219 
In comparison to anodic-biofilms, it was reported, that cathodic-biofilms are less-developed and 
much thinner.62, 187 The reason might be limiting redox surplus under non-autotrophic anaerobic 
growth conditions, which is enhanced by cathodic electron input as suggested by a recent in silico 
study.114 However this observation needs to be studied in depth and be validated experimentally for 
a better understanding. 
 
S. oneidensis: characteristic Mtr-pathway 
The second electroactive model organism that we want to introduce and discuss its characteristic EET 
mechanism is the Gram-negative facultative anaerobic bacterium S. oneidensis. The interesting 
characteristic of S. oneidensis is its ability to utilize a great variety of inorganic and organic 
compounds as final electron acceptor in the absence of oxygen. As in the case for G. sulfurreducens 
that property is based on interaction of a large number of multiheme cytochromes. The sequenced 
genome of S. oneidensis shows 42 putative cytochromes, of which 80% are located in the outer 
membrane.220-221 The first step of the electron transfer through the cell membrane is the oxidation of 
small electron carriers (quinols), which enable the transport of electrons between NADH-
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dehydrogenase and cytochromes in the inner membrane to create a proton gradient for energy 
conservation in form of ATP. That oxidation reaction can be catalyzed by the tetraheme cytochromes 
TorC and CymA, whose sequence is very similar and both are attached to the inner membrane by a 
single α–helix. The next link in the electron transfer chain of TorC is a periplasmic reductase TorA, 
which can utilize the outer membrane permeable trimethylamine N-oxide compound as terminal 
electron acceptor and reduces it to trimethoxyamphetamine.222 In comparison to TorC, CymA can 
interact with different redox partners in the periplasm and as a consequence outer membrane-crossing 
molecules like sulfite can be reduced by the octaheme redox partner SirA,223 nitrite by pentaheme 
cytochrome NrfA,224 nitrate by NapAB reductase225 and fumarate by FccA and IfcA reductase.226 
Furthermore an octaheme cytochrome OTR was detected and showed in vitro capability of the 
reduction of a range of N and S oxides and oxyanions, but in vivo the function of OTR has not been 
confirmed yet.227 
Additionally as a metal respiring bacterium like G. sulfurreducens, S. oneidensis is able to use 
extracellular terminal electron acceptors, e.g. electrodes, Fe(III) and Mn(IV) (see Figure 15B). To 
overcome the outer membrane barrier the bacterium possesses a Mtr-pathway. Homologous genes 
for that pathway were also found in other dissimilatory metal reducing and oxidizing bacteria.228 
However, S. oneidensis Mtr-pathway is one of the best investigated EET chains. It has been suggested 
that a decaheme cytochrome MtrA takes up electrons from CymA via an electron transport chain and 
passes them on to an extracellular decaheme cytochrome MtrC, which transfers the redox equivalents 
to final exogenous electron acceptors.197, 229 Here MtrA, MtrC and a third element, MtrB form a 
complex, MtrCAB. MtrB is a porin molecule in the outer membrane and serves to organize and 
stabilize MtrA and MtrC to enable electron transfer. Besides MtrC a second decaheme cytochrome, 
OmcA was detected anchored as a lipoprotein in the outer membrane that was able to transfer 
electrons to exogenous electron acceptors as well.182, 230 In addition to the mtrCAB genes the genome 
of S. oneidensis encloses homologs like mtrFDE. The homologous cytochromes can support the EET 
or can partly take over the activity of the MtrCAB complex depending on the electron acceptor and 
the growth conditions.197 Likewise, the DmsABEF complex is based on homologs. Here the porin 
cytochrome complex DmsEF transfer the electrons to the DmsAB complex, which is then able to 
reduce DMSO to DMS.231 The periplasmic tetraheme cytochrome STC has to be mention as well, 
which seems to support the transfer of electrons between inner membrane and outer membrane, 
however, the exact mechanism is unclear.232 In contrast to EET to an anode, the information about 
taking up electrons from a cathode is limited. The interacting compounds in the cathodic process were 
not established yet. It was suggested due to in vivo studies, where electrons were provided from a 
graphite electrode to reduce fumarate, that an electron uptake is possible through a reverse Mtr-
pathway.180 
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In contrast to G. sulfurreducens, S. oneidensis shows not only the ability of direct electron transfer, 
but can also perform indirect electron transfer due to excretion of redox active mediators. Direct 
electron transfer is based on physical connection with the electrode by forming a biofilm on the 
surface142, 233 and through extensions in form of nanowires. While Geobacter nanowires are assumed 
to be type IV pili, for S. oneidensis nanowires it was shown, that their structure is similar to outer 
membrane vesicles and those nanowires can be seen as extensions of the outer membrane and 
periplasm that include the multiheme cytochromes responsible for EET.140 In case of indirect electron 
transfer, S. oneidensis secretes flavin molecules that act as small diffusible shuttle molecules to 
transfer electrons between electrode and outer membrane cytochromes142 or as bounded cofactors for 
outer membrane cytochromes.234 G. sulfurreducens is also able to produce flavin molecules, but here 
the flavins are preferentially bound to the outer membrane cytochromes and are not mobile like free 
shuttle units.235 
 
 
Figure 15: Schematic image of the proposed EET of two metal respiring bacteria and their interactions with an electrode 
in a BES. Dashed arrows indicate hypothetical electron flow and solid arrows indicate experimental proved electron flow. 
(A) Branched outer membrane cytochromes system of G. sulfurreducens. Electrons can be transported between inner 
membrane, periplasm, outer membrane and an electrode via a chain of cytochromes and menaquinones (MQ). Terminal 
outer membrane cytochromes (OMCs) can vary depending on the environmental conditions. (B) Unique Mtr-pathway 
and terminal reductases of S. oneidensis. Quinones (Q) pass electrons to CymA or TorC, which transfer the electrons to 
terminal reductases or a MtrCAB complex. MtrCAB complex can interact with the electrode direct or via flavin molecules 
(FL). 
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4.1.3 Carbon respiration of acetogenic bacteria 
Acetogenic bacteria, short acetogens, are anaerobic organisms that are able to assimilate CO2 or CO 
via the Wood-Ljungdahl-pathway, also called carbonate-respiration or acetyl-CoA pathway. This 
autotrophic pathway offers the possibility to develop biotechnological processes that combine the 
usage of cheap ubiquitous substrates (i.e. syngas) with greenhouse gas reduction and therefore makes 
acetogens attractive hosts for biotechnology.191, 236 This feature put the bacteria into focus of the 
research community trying to establish an artificial ‘photo’synthesis process by using CO2 and 
electrons from an electrode.7 Acetogens are also able to utilize a great variety of heterotrophic 
molecules such as sugars, glycerol and cellulose, which broadens the spectrum of possible substrates 
to waste streams from biodiesel industry (e.g. glycerol) or dairy industry (e.g. whey) and many 
more.236 The main product is usually acetate (hence the name) but acetogens also bear the feature to 
naturally produce a broad spectrum of other chemicals, which are of industrial use either directly or 
as precursors such as ethanol, butanol, 2,3-butanediol or butyrate.236 The mayor intermediate from 
carbon fixation via Wood-Ljungdahl-pathway is acetyl-CoA and is linked to other metabolic 
pathways such as Embden-Meyerhof-Parnas-pathway, therefore offering a great metabolic diversity 
for metabolic engineering of other production pathways.  
In the Wood-Ljungdahl-pathway two CO2 molecules are merged to form one molecule acetyl-CoA, 
which is either converted to acetate or assimilated in biomass. The overall conversion of CO2 to 
acetate uses one ATP (in the step of formyltetrahydrofolate synthetase) and creates one ATP by 
acetate kinase reaction. Therefore no net energy gain can be achieved via substrate-level 
phosphorylation. Since acetogens are able to grow autotrophically, the pathway must be coupled to a 
chemiosmotic mechanism that provides additional energy. By calculating the Gibbs free energies of 
each reaction in the Wood-Ljungdahl pathway a net energy benefit of about -95 kJ/mol can be 
determined.237 This energy could support the synthesis of 1-2 mol ATP via chemiosmosis as 
anaerobic bacteria require -60 to -80 kJ of free energy for the synthesis of 1 mol of ATP.179 In recent 
years experimental evidence for membrane driven ATP synthesis in acetogens could be found, 
however the sites and mechanisms of energy conservation differ between organisms. Over 100 
different species of acetogens have been identified and despite their common feature of CO2 
assimilation via the Wood-Ljungdahl pathway they are very diverse in terms of metabolism, 
phylogenetics or preferred habitat.238 The best-studied organisms belong to the genera 
Acetobacterium and Clostridium and include a few species with fully available genome sequences 
(genome published: Moorella thermoacetica, Clostridium ljungdahlii, Clostridium carboxidivorans, 
Eubacterium limosum; under preparation: Acetobacterium woodii, Clostridium aceticum). Genetic 
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and genomic tools are under intense development and promise fast advancing metabolic engineering 
platforms for acetogens.239-242 
 
M. thermoacetica: cytochromes or Ech-complex? 
From an energetic point of view and in regards to electron-transport properties acetogens are often 
divided in two groups: Na+-gradient and H+-gradient dependent species. M. thermoacetica (formerly 
Clostridium thermoaceticum) an example for the latter group was the model organism for HG Wood 
and LG Ljungdahl for their studies of the acetyl-CoA pathway. They identified several membrane-
integrated electron carriers menaquinone MK-7, a flavoprotein and two b-type cytochromes that are 
believed to play major parts in creating a proton gradient over the membrane.179 Later such a proton 
motive force that could drive ATP synthesis in M. thermoacetica was measured, however, which 
components exactly transfer protons across the membrane remains unknown.88 Genome studies of 
the organism revealed also membrane-bound components such as hydrogenases and NADH-
dehydrogenase, which are known to transfer protons across the membrane in other organisms. 
Therefore a membrane integrated electron transport chain via these complexes with H2 as electron 
donor and methylene-THF as electron acceptor is proposed.243 However, so far no experimental data 
supports these hypothesis. Recent studies also deliver evidence for electron-bifurcating enzymes that 
play important roles in electron transfer of autotrophic and heterotrophic pathways of 
M. thermoacetica.244 The soluble complex HydABC oxidizes hydrogen with simultaneous reduction 
of ferredoxin and NAD+.245 Additionally a second soluble transhydrogenase (NfnAB) catalyzes the 
electron bifurcation from reduced ferredoxin and NADH to NADP+. Furthermore the genome of 
M. thermoacetica codes for a membrane-bound energy converting hydrogenase, called Ech-complex. 
For the methanogenic archaea Methanosarcina mazei the Ech-complex is responsible for 
establishment of a proton gradient across the membrane, which leads to the theory that could also be 
the case in acetogens.246-247 This complex uses the excess energy that is freed from electron transfer 
from reduced ferredoxin to H+ to transport ions across the membrane. A very recent report states that 
electron stoichiometry is only balanced with involvement of the Ech-complex in energy conservation 
while the membrane-bound dehydrogenases and cytochromes play no major part.246 As this 
hypothesis also lacks distinct experimental validation we included both theories in our summary of 
possible electron transport mechanisms of M. thermoacetica (Figure 16A). 
 
A. woodii and C. ljungdahlii: electron transport without cytochromes? 
In 2010 Nevin et al. reported that the electrons needed for CO2 fixation via Wood-Ljungdahl pathway 
could be provided directly by an electrode, a breakthrough work in the field of bio-electrochemical 
techniques.7 The acetogen S. ovata, a close relative to M. thermoacetica was able to directly accept 
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electrons from a cathode and convert CO2 to acetate and 2-oxobutyrate. Following studies showed 
similar abilities of other acetogens of the Sporumosa and Clostridium genera.86 The acetogen 
A. woodii however was found unable to consume current and showed different behaviour compared 
to other acetogens in Nevins experiments. A. woodii is an example strain for Na+-dependent acetogens 
that typically lack cytochromes. It could be shown that the conversion of CO2 to acetate via Wood-
Ljungdahl-pathway is coupled to the generation of a sodium gradient across the cytoplasmic 
membrane.248-249 Since A. woodii does not contain cytochromes or quinones energy conservation 
must be secured by a different electron transport system. In 2008 evidence for a novel membrane-
bound ferredoxin:NAD+ oxidoreductase (Rnf complex) was reported that seems to be responsible for 
transmembrane Na+ transport.175 In this complex the electrons from reduced ferredoxin are transferred 
to NAD+ to form NADH. Since the redox potential of ferredoxin (E0’Fd = -500 to -420 mV) is more 
negative than that of the NAD+/NADH couple (E0’NADH = -320 mV), the energy surplus (equivalent 
to -20 to -35 kJ/mol, three to four times more than released by the Ech-complex) is available for 
transmembrane ion transport.250 This sodium gradient is harvested by the Na+-dependent F1F0ATP 
synthase of A. woodii. It was suggested that some steps of the Wood-Ljungdahl pathway also add to 
the transmembrane ion gradient. The reduction of methylene-H4F to methyl-H4F was discussed as a 
likely site since the reaction is exergonic and coupled to a corrinoid iron sulphur protein.88 But recent 
studies could identify the Rnf complex as the only membrane-bound electron transfer system and 
rather suggest a ferredoxin reduction by the methylene-THF reductase.251 
Interestingly a similar Rnf complex was detected in C. ljungdahlii even though its membrane gradient 
is proton based, which would put the organism into the H+-acetogen-group together with 
M. thermoacetica. However, C. ljungdahlii does not contain any cytochromes and therefore it seems 
more reasonable to categorize anaerobic homoacetogenic organisms into Ech- and Rnf-containing 
groups with subgroups of Na+- and H+- dependent species.191, 246 It could be shown that the Rnf 
complex is an electron bifurcating ferredoxin:NAD+ oxidoreductase and is essential for developing a 
proton gradient over the membrane under autotrophic as well as heterotrophic growth conditions.252 
With fructose as substrate and electron donor Rnf-deficient strains were growth limited with 
significantly reduced ATP yields as a result of disruptions in the membrane gradient development. 
Autotrophic growth without Rnf complex was completely inhibited, indicating the Rnf-complex 
being a major if not the sole electron transport mechanism linked to energy conservation. The soluble 
electron bifurcating complexes HydABC and NfnAB are also found in C. ljungdahlii while A. woodii 
is believed to only use HydABC.246 The proposed electron transport mechanisms for both organisms 
are shown in Figure 16B. 
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Figure 16: Schematic image of acetogenic electron transport chains and possible interactions with an electrode in a BES. 
Dashed arrows indicate hypothetical electron and proton flow. (A) Electron transport mechanisms in M. thermoacetica 
via membrane-bound cytochromes and hydrogenases, menaquinones (MQ), soluble electron-bifurcating complexes (Hyd 
and Nfn) and proton pumping Ech-complex; (B) Electron transport of C. ljungdahlii (H+) and A. woodii (Na+) based on 
membrane-bound Rnf-complex and soluble electron-bifurcating complexes (* Nfn-complex is not found in A. woodii). ? 
represents hypothetical cell-wall associated proteins that could facilitate electron transfer. 
 
4.1.4 Other respiratory pathways 
In the section above we introduced typical electroactive microorganisms, which were used in a BES. 
But what about other model and/or industrial microorganisms like E. coli and C. glutamicum or 
pathogenic microorganisms like P. aeruginosa? Can we influence/manipulate their redox and energy 
metabolism? In order to answer this question, it is necessary to understand their respiratory pathways. 
 
E. coli: model organism with respiratory flexibility 
The respiratory system of E. coli is very well known and in many studies the bacterium is used as a 
model for investigation of energetics and regulation of respiration. The respiratory chains show a 
great diversity and variability enclosing 15 primary dehydrogenases to oxidize electron donors and 
ten terminal reductases (or oxidases) to reduce electron acceptors (including isoenzymes).253 Those 
primary dehydrogenases and terminal reductases are linked by three quinones: ubiquinone 
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(E0’ = +110 mV), demethylmenaquinone (E0’ = +40 mV) and menaquinone (E0’ = -80 mV). 
Depending on the enzymes various quantities of energy can be conserved due to the build-up of a 
proton gradient through proton pumps, or by arranging catalytic sites in a certain way to release the 
protons on opposite sides of the membrane to create a charge separation. The H+/e- ratios vary from 
0 to 4 H+/e-.254 Under aerobic conditions E. coli can conserve most energy by using quinol oxidases 
(E0’ = +820 mV) to reduce O2 to H2O. Here O2 represses the terminal reductases of anaerobic 
respiration. However, in the absence of O2, energy can be generated by nitrate reductases 
(E0’ = +420 mV), nitrite reductase (E0’ = +360 mV), DMSO reductase (E0’ = +160 mV), TMAO 
reductase (E0’ = +130 mV) or fumarate reductase (E0’ = +30 mV) with nitrate delivering the most 
energy and fumarate the least energy.253-255 So depending on which level or in which step the electron 
chain is targeted or manipulated, the metabolism will gain more or less energy. 
Furthermore it was demonstrated that E. coli, evolved under electrochemical tension in a microbial 
fuel cell, can generate current by using the electrode as an electron sink. It was proposed that the 
evolved cells possess the ability to excrete hydroquinone derivatives through a highly permeable outer 
membrane, which act as mediators to transport the electrons between cell and electrode.208, 256 
Another approach to obtain E. coli cells that show electro activity is via metabolic engineering, which 
is discussed in 4.1.5. 
 
P. aeruginosa: secretion of redox carriers 
Another interesting microorganism is the Gram-negative aerobic bacterium Pseudomonas 
aeruginosa. It is an opportunistic pathogen, which can live in various environments due its ability to 
catabolize a large number of substances.257 Additionally, the bacterium is a good biofilm-builder and 
has branched respiratory chains to use oxygen as an electron acceptor, involving five oxidases (bo3 
oxidase, aa3 oxidase, cbb3 oxidase 1, cbb3 oxidase 2 and cyanide-insensitive oxidase), which are 
adapted to the varying availability of oxygen in the different biofilm stages due to biofilm 
thickness.258 Preferentially P. aeruginosa obtains its energy from aerobic respiration, however, under 
anaerobic conditions the bacterium can also survive in presence of nitrate or nitrite by using 
reductases to reduce the N-molecules.259 
When P. aeruginosa is cultivated in a microbial fuel cell, the bacterium shows an interesting 
behaviour. Instead of oxygen, nitrate or nitrite P. aeruginosa can use the anode as an electron sink to 
generate energy for an active growth.203 The anode stimulates the production of phenazine 
derivatives, e.g. phenazine-1-carboxylic acid (E0’ = -275 mV), phenazine-1-carboxamide (E0’ = -
150 mV) and procyanin (E0’ = -32 mV). The secreted phenazine derivatives operate as soluble 
mediators, which significantly enhance the electron transfer between electrode and cells, resulting in 
an increased current generation. In addition, the diffusible phenazine derivatives enable the use of the 
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electrode as an electron sink for cells in thick multilayer biofilms.203, 260 Another attractive 
phenomenon is, that in a mixed culture the secreted mediators can be use not only by P. aeruginosa 
itself, but also by other microorganism, which generally are not able to produce redox active 
mediators.261 
 
C. glutamicum: oxygen dependency 
The third bacterium, C. glutamicum, is an important Gram-positive industrial microorganism, which 
has been widely used as a microbial cell factory for the production of various amino acids, nucleic 
acids and other chemicals in food, pharmaceutical, cosmetics and chemical industries.148 C. 
glutamicum can utilize various carbon sources for energy conversion and oxygen as the preferable 
electron acceptor by using three oxidases. The bc1 oxidase can take up electrons from menaquinol 
and pass the electrons to the aa3 oxidase by forming a supercomplex that has a low oxygen affinity. 
Whereas the third oxidase, a bd oxidase, has a high affinity to oxygen.262 The bacterium can also 
survive under anaerobic conditions in the presence of nitrate. However, the growth is very limited, 
because the bacterium has a nitrate reductase, but lacks enzymes to degrade the toxic product of the 
nitrate reductase (nitrite).263 
Manipulating the redox metabolism by cultivating C. glutamicum in a BES can result in higher yields 
of the target product.204 Experiments demonstrated that the bacterium grown under a cathodic 
potential (E0’ = -600 mV) using glucose as the carbon source showed a decreased growth rate and an 
increased lactate yield. Here the anthraquinone 2,6-disulfonate was added to the medium as an 
artificial mediator to shuttle electrons between cathode and cells. The mechanisms how the redox 
metabolism is influenced by the artificial mediator is still unclear.204 
 
4.1.5 Making the connection: microbe-electrode interaction 
The previous sections demonstrate the impressive diversity and complexity of microbial solutions for 
cellular electron transport. Similar to the ability to interact with many different electron donors and 
acceptors in the environment one can assume that microbes are also able to exchange electrons with 
electrodes via different cellular components and mechanisms. In order to achieve successful EET the 
specific characteristics of the electron transport chains of the target organism should be considered. 
While it is questionable if there are groups or microbes that are better adapted for EET than others it 
is for certain that a bio electrochemical approach is challenged by different conditions depending on 
the catalytic host. Organisms that feature outer membrane redox-components might be able to 
perform direct electron transfer with electrodes while soluble intracellular complexes such as the 
electron bi-furcating Nfn and Hyd complexes of acetogens are most likely only targetable via soluble 
mediators. For each organism, the specific redox-window of its electron transport chain(s) might 
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dictate required potentials for MES use. The following two sections discuss key components in 
electron transport chains of the presented organisms and the possible metabolic impact if EET at 
different sites can be achieved. 
 
Key compounds in different electron transport chains 
With Figure 17 we created an overview of important redox-reactions that are catalyzed by the 
presented organisms. Actual environmental conditions in living cells differ from the standard 
biochemical conditions (25 °C, 1 atm, pH=7), which might influence the actual redox potentials of 
each couple. The potential of the proton hydrogen couple for example is -414 mV under standard 
conditions. In acetogenic environments, however, this potential lies closer to -350 mV as the partial 
hydrogen pressure is around ~200 Pa.243 Many intracellular redox-carriers also show different redox 
potential than the corresponding pure compounds. The standard redox potential of ferredoxins with 
one or more iron-sulfur clusters for example lies around -400mV.264 Under physiological conditions 
in acetogens however, ferredoxins are usually >90% reduced and therefore reported to be able to 
catalyse reducing reactions at redox potentials as low as -500 mV.264-265 A similar effect shifts the 
true redox potential of the NAD+/NADH couple to around -280 mV as the majority of molecules 
(>90%) are oxidized even though the E0’ under standard conditions is -320 mV. Very close to that of 
NADP+/NADPH (-324 mV), which in turn is shifted to -360 mV due to the intracellular ratio of 
NADP+/NADPH being 1/40.264 In these cases we indicated a redox-area rather than one known 
midpoint potential to illustrate the potential range at which these reactions might occur inside the 
organisms. We allocated a fixed standard redox potential (dashed lines) or potential range for each 
reaction depending on availability in the literature. However the reader might want to keep in mind 
that environmental conditions such as pH, redox potential of the solution and specific concentrations 
can result in a further redox potential shift. The ion couple Fe3+/Fe2+ as an inorganic electron 
acceptor/donor is a good example for how the redox potential can be influenced by environmental 
conditions. The midpoint potential is about +770 mV at a low pH and in the absence of precipitation. 
However, depending on pH, concentration and in which form iron is available the midpoint potential 
can vary strongly.266 For example the midpoint potential of Fe3O4/Fe(II) is significantly lower (-
314 mV), because magnetite is a less soluble mineral. For the organic chelate complex Fe(III)-
citrate/Fe(II)-citrate the solubility is higher and respectively the midpoint potential (+372 mV).266-267 
Some of the listed cellular redox compounds have been shown to play a major part in electron transfer 
between organisms and electrodes and therefore others might as well. As discussed above direct EET 
in Geobacter and Shewanella can be achieved via a network of cytochromes with different midpoint 
potentials (e.g. PpcA: -170 mV,268 OmcZ: -180 mV,207 OmcS: -212 mV,208 CymA: −200 mV, MtrA: 
−100 mV, MtrC: −138 mV269). However, for a better characterization and a functional understanding 
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of the cytochromes their wide potential windows should be considered, because the cytochromes are 
complex molecules not showing narrow midpoint potentials but more wide ranges of potentials 
suggested to be due to the multiheme molecules in the cytochromes. Each heme has its own specific 
redox potential and affects the potential of the neighbour hemes creating a specific wide window of 
potential ranges for the overall molecule.182, 270 For example the potential windows of OmcZ, OmcS, 
CymA and MtrC are from -420 to -60 mV,207 -360 to -40 mV,208 -0.350 to -0.080 mV and -0.280 to 
-0 mV,269 respectively. It is assumed that the wide windows allow an overlapping of the redox 
potentials of the cytochromes in an electron transport chain and make a thermodynamic downhill 
process of electron transport along the chain possible. Furthermore these wide potential ranges allow 
the interaction with a broad spectrum of external electron acceptors and donors.182, 207, 269 However, 
the potential windows can vary depending on the environmental conditions. For the cytochromes of 
S. oneidensis it was shown that the potential windows are shifted as a function of pH. It was observed 
that under higher pH conditions in most cases the redox potentials are shifted to more negative 
values.269 In Figure 17 we allocated a broad potential range to c-type cytochromes based on the 
discussed literature and indicated all organisms that contain c-type cytochromes. However, this does 
not necessarily mean that all these bacteria are able to catalyze reactions in the indicated redox 
potential window. G. sulfurreducens’ genome encodes for around 110 different c-type 
cytochromes,206 S. oneidensis for 42220 and P. aeruginosa for 27,271 while C. glutamicums genome 
only encodes for a single c-type cytochrome.271 Therefore the flexibility of the metal reducing 
organisms to adapt to different electron acceptors and donors is much higher. 
In addition to the described cytochromes of Geobacter and Shewanella comparable complexes of 
other organisms might be able to perform EET via similar mechanisms. The membrane of the Gram-
positive acetogen M. thermoacetica for example contains b-type cytochromes that could be a possible 
site of interaction between electrode and organism.272 In fact it could be shown that M. thermoacetica 
together with other cytochrome containing acetogens is able to directly use electrons from a cathode 
for reduction of CO2.
86 Interestingly the same study reports C. ljungdahlii is also capable of direct 
EET even though it is not known to be able to produce any cytochromes (see Figure 16B and 17).191 
Could this electron transport rely on other membrane-bound enzymes or be mediated by an unknown 
soluble molecule or enzyme secreted by the organism? Since there is no evidence of such the actual 
mechanism of EET in C. ljungdahlii remains pure speculation to date. However, for other microbes 
self-excreted redox mediators are indeed an important way to exchange electrons with electrodes in 
both ways. P. aeruginosa for example produces several compounds of different redox potentials such 
as azurin (E0’ = +310 mV), procyanin (E0’ = -31 mV), phenazine-1-carbox amide (E0’ = -150 mV) 
and phenazine-1-carboxylic acid (E0’ = -275 mV). These enable the organism to adapt to different 
electron acceptors in the environment, including solid state electrodes.203, 273 A very recent study of 
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Yang et al. demonstrates that the concentration of such endogenous redox compounds can mediate 
electron flow in both directions and that the concentration directly correlates with achievable current 
densities.274 By heterologous expression of a synthetic flavin biosynthesis pathway from Bacillus 
subtilis in S. oneidensis the secreted flavin concentration could be increased ~26 times, which 
increased power output as well as inward current of the organism in BES.274 Another possibility could 
be the secretion of whole enzymes that facilitate electron flow from the electrode surface towards 
organisms. In a very recent study Deutzmann et al. were the first to report evidence of this mechanism 
of direct EET by cell-derived free enzymes in a cathodic BES using methanogens.147 They could 
show that small surface associated enzymes such as hydrogenases and fumarate reductase were 
released from M. maripaludis cells and accumulated at the cathode surface where they catalyzed the 
formation of small mediating molecules such as hydrogen or formate which in turn were immediately 
taken up by the cells. 
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Figure 17: Redox potentials of important redox reactions in electron transport chains catalyzed by the bacteria discussed 
in this chapter. Standard redox potential (E0’ [mV, 25°C, pH = 7]) are indicated by dashed lines. If physiological or 
environmental conditions are known to shift the potential from the E0’, redox windows are indicated (solid lines). The 
bacterial symbol behind each reaction shows the organisms that are known to catalyze the reaction naturally. Blue: 
aerobes; green: facultative anaerobes; red-yellow: obligate anaerobes; Phenazine1 = Phenazine-1-carboxylic acid; 
Phenazine2 = Phenazine-1-carboxamide. * c-type cytochromes can cover a broad range of redox potentials as indicated. 
Not all bacteria mentioned will cover the whole range. For detailed discussion refer to main text. 
 
The location of the target site of electron transfer decides if an organism might be able to perform 
direct EET or if a (endogenous or exogenous) mediator is required to transport the charge across the 
cellular membrane. Additionally, each organism can be allocated with a specific redox-potential-
window in which its electron transport chains are able to operate, which is also visualized in Figure 
17. It becomes obvious that compounds of facultative aerobe organisms such as E. coli and 
S. oneidensis are represented over a wide range of potentials. This visualizes the high flexibility of 
both organisms to adapt their electron transport chains to multiple electron donors and acceptors. 
G. sulfurreducens even though a strict anaerobe still covers an impressive range of redox potentials 
with its many cytochromes and the ability to use soluble metals such as iron and manganese as final 
electron acceptors. The rnf-complex containing acetogens C. ljungdahlii and A. woodii however are 
only able to transfer electrons in a limited potential window as they do not contain any cytochromes 
and are restricted to only one way of respiration at relatively low potentials. 
 
Transferring electrogenic capabilities between bacteria 
To transfer the ability of one organism that is known to interact with an electrode in a specific way 
to another organism, synthetic biology tools can be used. It could be shown that expressing enzymes 
of the Mtr pathway of S. oneidensis inside E. coli increased current production of the optimized 
strain.275-276 In 2008 researchers could show that the expression of one single enzyme from 
Shewanella’s Mtr-pathway is enough to transform E. coli into a metal respiring bacterium.277 
Expression of the cytoplasmic-membrane tetraheme c-type cytochrome CymA enabled the mutant 
strain to reduce Fe(III) and sustain growth while the native strain lacked this ability. This was 
independent of the presence of periplasmic or outer-membrane cytochromes for electron transfer. 
However, it could also be shown that activities of CymA for iron reduction were much lower in 
complete cells, indicating that diffusion limitations of solid state electron acceptors also play a 
significant role in this electron transport chain.277 A very important follow up study was able to find 
evidence for a connection of this transformed electron transport to intracellular carbon flow in 
E. coli.278 Expression of CymA and Mtr cytochromes from S. oneidensis in E. coli resulted in a strain 
that coupled current production to a shift in its metabolic fluxes towards more oxidized products.278 
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The possibility to design a target electron flow via artificial complexes across the outer and inner 
membranes and their connection to cellular redox balance and carbon flow promises many 
possibilities to design optimized electro active organisms. The above cited example also shows that 
co-expression of multiple linked enzymes can greatly enhance the electron transfer rates.278 Therefore 
the specific electron transport chains of the target organism and their possible connection to the 
enzymes to be introduced need to be considered when designing electro active bacteria. 
 
Targeting electron transport impacts the cellular energy metabolism 
The achievable energy yield of an electron transport chain is dependent on the difference in electrical 
potential between electron donor and acceptor. Therefore organisms that are able to respire in multiple 
ways will always choose available acceptors with the biggest potential difference to the donor (e.g. 
E. coli O2>NO3
->fumarate). To compare energy efficiencies of different electron transport chains it 
is referred to the ratio of phosphate to oxygen (P/O quotient), which describes the ratio of mol ATP 
produced per mol oxygen reduced. The P/O ratio depends on the amount of ions that are transported 
across the membrane during the corresponding electron-transport chain and are available for ATP-
synthesis via gradient-driven ATPase. It is also influenced by the efficiency of the specific ATPase 
as the amount of ions that are needed for synthesis of one mol ATP differ between organisms.279 For 
example the aerobic electron transport chain of E. coli transports up to 8 protons across the membrane 
with NADH as electron donor (2 e-) and oxygen as final acceptor (Figure 18).254 With an ATPase that 
requires 3 protons for the conversion of one mol ADP to ATP a P/O ratio of ~2.7 is calculated.280 
 
 
Figure 18: Schematic image of electron transport chains in E. coli. NADH as electron donor via NADH dehydrogenase 
(NuoA-N), ubiquinone pool (UQ), succinate-dehydrogenase and cytochromes bd (CydAB) and bo (CyoABCD). ATP is 
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generated via F1F0-ATPase (3H+/ATP) from the membrane proton gradient. Possible sites of interaction with an electrode 
are indicated with dashed arrows. For detailed discussion and references refer to main text. 
 
The ATP yield is an important factor for bacterial growth and can also significantly influence 
production if the metabolic pathway towards the target compound requires energy. Therefore we 
present similar to the P/O ratio a hypothetical P/2e- ratio that reflects the ATP yield per pair of 
electrons transferred between the organism and an electrode in a BES. Some examples are presented 
in Table 2. The electrode can either function as electron donor (cathode) or as final electron acceptor 
(anode). Since the exact sites of electrode-interaction with the compounds of each electron transport 
chain remain unknown we assume different scenarios. In column 2 of Table 2 the assumed site of 
electrode-bacteria interaction is given together with the corresponding hypothetical reaction. The 
P/2e- ratio is calculated based on the resulting amount of protons carried across the membrane, which 
are assumed to be available to drive ATP synthesis via ATPase. An example is explained in detail in 
the following paragraph. 
Figure 18 shows a simplified image of electron transport chains in E. coli including possible sites of 
EET (dashed red arrows). As discussed above it could be shown that cytochromes of 
G. sulfurreducens are able to use electrodes as final electron acceptor. If we assume the cytochromes 
of E. coli are also possible sites of EET we observe that the ATP yield of the electron transport chain 
depends on the specific cytochrome that is performing the electron transfer to the electrode. In case 
of cytochrome bo transferring electrons to an anode as final electron acceptor 8 H+ are transported 
across the membrane (4 H+ from NADH dehydrogenase and 4 H+ from UQH2 and cytochrome bo). 
With an ATP synthase that requires ~3 H+ per ATP280 this leads to a P/2e- ratio of 2.7. Running the 
electron transport chain with cytochrome bd as the final oxidase however leads to a P/2e- ratio of 2 
as fewer protons are transferred across the membrane (6 H+ in total: 4H+ from NADH dehydrogenase 
and 2 H+ from cytochrome bd). By including soluble redox carriers such as ubiquinones, FAD and 
NADH to the scenario we can address any site of E. coli’s electron transport chain. The observation 
from this theoretical exercise is to internalize that the achievable ATP yield depends on the actual site 
of EET. If for example electrons are drawn directly from the cellular NADH pool of E. coli no energy 
gain via chemiosmotic coupling is possible as no proton gradient is established (Figure 18 and Table 
2). 
This becomes especially crucial in regards to cathodic electron transfer where processes often aim on 
microbial metabolism with electrons from electrodes as sole energy and redox source.56, 86 As 
discussed in 2.2 the metabolism of acetogens for example relies on ATP synthesis via membrane-
based electron transport complexes. Now we can pick again an example strain and theoretically 
discuss metabolic impact of EET at different sites. C. ljungdahlii does not transfer electrons via 
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cytochromes but was shown to interact with electrodes so we can assume EET via mediators or 
unknown membrane bound compounds towards its cellular redox compounds. In case electrons from 
a cathode would lead to hydrogen formation the organism could produce 2 mol of reduced ferredoxin 
per 4 mol of H2 via electron bifurcation in the Hyd-complex (Figure 16).
264 The exergonic reaction 
of reduced ferredoxin and NAD+ is used for proton translocation in the rnf complex (2 H+/Fdred) which 
in turn enables energy conservation via the membrane bound ATPase. With recent estimates of 4 
protons per mol of ATP a P/2e- ratio of 0.25 is calculated.246 If it is possible to transfer electrons from 
a cathode directly to ferredoxin the ratio increases to 0.5 mol ATP per pair of electrons transferred. 
An electron input towards the NADH pool of the bacterium however, would not deliver enough 
energy to establish a proton motive force and therefore ATP generation (Table 2). 
 
Table 2: Theoretical P/2e- ratios for extracellular electron transfer between electrodes and different sites in the 
electron transport chains of E. coli, M. thermoacetica and C. ljungdahlii. Column 2 gives the assumed site of 
electron transfer including hypothetical reaction. For following reactions and references refer to the main text 
and Figure 18 and 16. The corresponding amount of protons transferred across the membrane is assumed to be 
available for ATP synthesis. P/2e- is mol ATP produced per pair of electrons transferred.  
Anodic electron transport 
organism Site of electron transfer P/2e- 
E. colia Cytochrome bo 2.7 
 Cytochrome bd 2 
 Ubiquinone-pool (UQH2 → 2e- + UQ + 2H+periplasm) 2 
 FAD reduction (FADH2 → 2e- + FAD+ + 2H+cytoplasm) 0.6 
 NADH oxidation (NADH → 2e- + NAD+ + 2H+cytoplasm) 0 
 
Cathodic electron transfer 
organism Site of electron transfer P/2e- 
E. colia NADH reduction (2e- + NAD+ + 2H+cytoplasm → NADH) 2.7 
 FAD reduction (2e- + FAD+ 2H+cytoplasm → FADH2) 1.3 
 Ubiquinone reduction (2e- + UQ + 2H+cytoplasm → UQH2) 1.3 
 Ubiquinone reduction (2e- + UQ + 2H+periplasm → UQH2) 0.6 
   
M. thermoaceticab,c Ferredoxin reduction (2e- + Fdox → Fdred) 0.75 
 Hydrogen evolution (2e- + 2H+cytoplasm → H2) 0.375 
 NADH reduction (2e- + NAD+ → NADH) 0 
   
C. ljungdahliib Ferredoxin reduction (2e- + Fdox → Fdred) 0.5 
 Hydrogen evolution (2e- + 2H+cytoplasm → H2) 0.25 
 NADH reduction (2e- + NAD+ + 2H+cytoplasm → NADH) 0 
a 3 H+ per ATP in ATPase 
b 4 H+ per ATP in ATPase 
c Ech-complex based electron transport chain 
 
Remembering Figure 17 one can draw the connection between required redox potential and target 
reaction in a specific electron transport chain of an organism to optimize the conditions for a MES 
process. For a cathodic process of C. ljungdahlii for example the applied electrode potential needs to 
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be at least low enough to allow hydrogen formation to enable ATP formation and therefore bacterial 
growth. 
 
4.1.6 Conclusions 
The remaining question after the presented analysis of microbial electron transport chains is: Can we 
identify an ultimate organism for microbial electrochemical techniques? Requirements for an 
advantageous organism would be first of all high electro-activity. But depending on the target 
application different other features can be of crucial importance. MES for example requires a strain 
that produces industrial relevant products preferably combined with the ability to utilize a variety of 
cheap substrates. Metabolic engineering tools should be available to optimize production and perform 
advanced strain designing. For application in bioremediation processes the ability of breaking down 
a wide range of organic contaminates has priority together of course with efficiency of extracellular 
electron transport. Other influencing factors are general characteristics that simplify process design 
such as high oxygen tolerance for anaerobes, no high risk organism, no complicated fermentation 
conditions such as expensive media supplements, pressurized reactor etc. 
The diversity of applications for BES makes it impossible to identify one organism that features all 
required properties. Still for each application a specific species might outperform others. The highly 
flexible electron transport chains of metal respiring bacteria such as Geobacter and Shewanella make 
them excellent current producers over a wide range of potentials. And acetogens seem to be a very 
promising group of target organisms for MES with their ability to use CO2 as sole carbon source. But 
our study also shows that the complexity of microbial electron transport possibilities bears many 
challenges for bio-electrochemical techniques. For the successful design of an electrically enhanced 
bio process the specific electron transport properties of the involved species needs to be considered. 
Environmental conditions such as applied potentials should be adjusted according to specific target 
sites for EET. Since these are unknown in most cases an analysis as presented in this manuscript will 
help to identify best- and worst-case scenarios for microbe-electrode interactions and identification 
of optimized windows for process parameters. Especially when looking at CO2 as a feedstock, the 
available energy gain through EET will limit the feasibility of many organisms and constrain the list 
of feasible products. There is currently a lot of interest in microbial electrochemical technologies; 
however, this chapter highlights that without deeper understanding of the underlying electron transfer 
process development remains a trial and error exercise. 
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4.2 Anodic electro‐fermentation: Anaerobic production of L‐lysine by recombinant 
Corynebacterium glutamicum127 
 
 
Figure 19: Graphical abstract of section 4.2. Anodic electro-fermentation enabled C. glutamicum anaerobic growth and 
enhanced glucose consumption, production of organic acids and L-lysine. The bacterium used ferricyanide as an 
alternative electron acceptor, which was continuously re-oxidized by an anode in a BES. 
 
This section is based on the following published work and was modified to fit this thesis: 
Vassilev, I., Gießelmann, G., Schwechheimer, S. K., Wittmann, C., Virdis, B., and Krömer, J. O., 
(2018). Anodic electro‐fermentation: Anaerobic production of L‐Lysine by recombinant 
Corynebacterium glutamicum. Biotechnology and bioengineering. 115(6): 1499-1508. doi: 
10.1002/bit.26562 
 
Most anodic bioprocesses focus mainly on MFCs for generation of electricity. However, using an 
anode as an electron acceptor in a BES has also the potential to support the production of valuable 
chemicals, in particular increasing yields and production rates of the chemical of interest by 
influencing microbial redox and energy state.57-58, 98 The great potential of oxidative MES as a tool to 
enhance your fermentation process is demonstrated in this subchapter by using the industrial 
important organism C. glutamicum. 
This Gram-positive soil bacterium is the major industrial producer of lysine. For over 50 years C. 
glutamicum has asserted its place in industrial biotechnology as a safe production host and has 
become a model organism in industrial microbiology.148, 281-282 Apart from the production of amino 
66 
acids, C. glutamicum has recently also been developed into a producer for organic acids, diamines, 
and biofuels, thus underlining its importance in biotechnology.283-285 
Growing aerobically, C. glutamicum relies on O2 as terminal electron acceptor, which limits product 
yields through substrate loss.286 O2 transfer rates in bioreactors limit process scale up,
287-288 resulting 
in higher capital costs compared to anaerobic systems.289 Despite the potential benefits of anaerobic 
fermentation, the anoxic metabolism of C. glutamicum has been studied poorly over the past 50 years. 
Obviously, the microorganism was regarded as obligate aerobe for many years,262 and just in 2004 it 
was realized that C. glutamicum can survive under oxygen deprivation by fermenting glucose into 
organic acids, mainly to lactate, succinate and acetate.153 Anoxic growth of C. glutamicum is enabled 
by using nitrate as a final electron acceptor, but the growth is limited due to accumulation of toxic 
nitrite.290 An alternative way to promote growth and metabolism under anoxic conditions is to use an 
anode as an alternative electron acceptor in a BES. The anode enables the microbes to oxidize NADH 
and recover NAD+ using the electrode as an extracellular electron sink (anodic respiration). This 
allows to stabilize the microbial redox state and/or redirect the metabolic carbon flow towards a 
product of interest.114 In C. glutamicum this should in principle allow anaerobic growth and 
production.291 A recent study describes the incubation of C. glutamicum in a BES under reductive 
conditions to enhance anaerobic lysine production,292 however, under these electron ‘feeding’ 
conditions no growth could be observed. Here we provide the L-lysine producing strain C. 
glutamicum lysC152 with the extracellular electron acceptor ferricyanide, a mediator with a positive 
redox potential (+0.44V). In order to drive re-oxidation of the mediator, the anode was poised at a 
more positive potential. This should provide an inexhaustible electron acceptor for the microbe. The 
anodic process enabled anaerobic growth, glucose consumption and production of organic acids and 
L-lysine, showing the potential of anodic electro-fermentation. 
 
 
4.2.1 Results 
Mediator enhances anoxic respiration of the anode 
Under anaerobic conditions, glucose as the sole carbon source provides an electron excess and C. 
glutamicum lysC is forced to perform mixed-acid fermentation with limited energy generation.293 
Therefore, we cultivated C. glutamicum lysC in a BES providing the microorganism an anode as an 
alternative electron sink. However, the microbial interaction with the anode was very limited (Figure 
20A). After 120 h a current of only 0.022 mA/cm2 was reached, which is equivalent to 4.09 mM 
transferred electrons (equivalent to a consumption of 170 µM glucose assuming complete oxidation 
to CO2). The approach to enhance the extracellular electron transfer was to provide the cells with a 
redox mediator, which can be reversibly reduced and oxidized and can catalyze the transfer of 
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electrons between the anode and cells. The chosen mediator ferricyanide, K3[Fe(CN)6] was 
characterized by cyclic voltammetry (CV) (Fig. 20B). The CV profile of K3[Fe(CN)6] showing clear 
oxidative and reductive peaks confirming that the chosen working electrode material (carbon cloth) 
was suitable to cycle the redox reaction at the electrode. The midpoint potential was calculated to be 
0.438 ± 0.002 V. 
 
 
Figure 20: (A) Microbial electrochemical characterization of the interaction with the anode via K3[Fe(CN)6] acting as a 
mediator (blue line) and lacking the mediator (red line). Data have been averaged from 4 biological replicates and the 
standard deviations are represented as yellow and grey areas, respectively. (B) Abiotic electrochemical characterization 
of the mediator (1.5 mM K3[Fe(CN)6]) via CV using carbon cloth as the working electrode. CVs were done at scan rate 
of 0.5 mV/s within a potential window between 0 and 0.8 V vs. SHE at pH 7.2 and 30 °C. 
 
Figure 20A shows that K3[Fe(CN)6] mediated the microbial interaction with the anode in a BES at an 
applied potential of +0.697 V. C. glutamicum lysC reduced ferricyanide ([Fe(CN)6]
3−) to ferrocyanide 
([Fe(CN)6]
4−), which was then oxidised by the anode. This resulted in transfer of electrons to the 
anode and the development of a catalytic current due to the oxidation of the metabolic substrate. The 
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anodic current increased during the fermentation and reached two maxima of 89.5 µA cm-2 and 86.8 
µA cm-2 after 29 h and after 80 h, respectively, followed by a slow continuous current decrease 
afterwards (Figure 20A). After 80 h and 119 h, 19.67 mM and 31.28 mM electrons were transferred 
to the anode, respectively. As glucose was the only carbon source, we hypothesized that the electrons, 
which were transferred to the anode, are cellular surplus electrons originating from the sugar being 
oxidized in the metabolism. 
 
Anodic enhancement of growth and glucose consumption 
After demonstrating that C. glutamicum lysC can utilize the anode via a redox mediator as an electron 
sink, we compared the anodic microbial growth and glucose consumption under anaerobic conditions 
to open circuit controls with mediator (control A), and without mediator (control B) (Figure 21). 
By using the anode as a final electron acceptor the bacteria achieved an enhanced growth compared 
to the controls. After 72 hours the biomass had more than doubled and reached a CDW of 0.42 ± 0.06 
g L-1. Afterwards, the cell concentration started to decrease steadily. At that time point (72 – 78 h, 
start of the death phase), more than 96% of the glucose was consumed. The volumetric glucose 
consumption rate was calculated as 0.86 ± 0.10 mmol L-1 h-1. The behaviour of the two control 
experimental sets were similar, but they differed strongly from the anodic supported fermentation 
experiments. In fact, we only observed a growth in the first 29 h, reaching a lower maximal CDW of 
0.31 ± 0.03g L-1 (control A) and 0.27 ± 0.03 g L-1 (control B). After 29 h the cell density started to 
decrease slowly. The volumetric glucose consumption was also significantly lower: 0.46 ± 0.15 and 
0.43 ± 0.03 mmol L-1 h-1 for control A and control B, respectively. Same trends were also observed 
for the biomass-specific glucose consumption rates (mmol g-1 CDW h-1) (Table A3, and statistic tests 
proving the significant differences, see Table A4, appendix). Furthermore, after 77 h less than 49% 
of the glucose was consumed and after 120 h more than 36% remained as residual glucose. 
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Figure 21: Anodic enhancement of growth and glucose consumption. Time courses of (A) anaerobic bacterial growth 
and (B) glucose consumption of C. glutamicum lysC in a BES under 3 different conditions: 1) With addition of 
K3[Fe(CN)6] and poised potential at +0.697 V vs SHE (blue circles). 2) With addition of K3[Fe(CN)6] but operated under 
an open circuit (orange squares). 3) No addition of K3[Fe(CN)6] and operated under an open circuit (green triangles). 
Grey area indicates time frame when glucose was consumed under condition 1). Data have been averaged from 4 
biological replicates for each condition. 
 
Anodic enhancement of organic acids, L-lysine and L-alanine production 
Besides glucose consumption, the production of organic acids and amino acids were analyzed to 
investigate the effect of the artificial electron sink on the product spectrum. In general, carbon and 
redox balances were determined higher than 84% (Table 3). During the fermentation mainly three 
organic acids (lactate, succinate and acetate) and three L-amino acids (lysine, alanine and glycine) 
were accumulated in the medium (Fig. 22). Further, small concentrations of trehalose were also 
detected (Figure A1, appendix), which C. glutamicum uses as an osmoprotectant.294 
 
Table 3: Main parameters of anaerobic glucose fermentation of C. glutamicum lysC in a BES under different 
conditions: 1) With addition of K3[Fe(CN)6] and poised potential at +0.697 V. 2) With addition of K3[Fe(CN)6] but 
operated under an open circuit. 3) No addition of K3[Fe(CN)6] and operated under an open circuit. 4) With addition 
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of K3[Fe(CN)6], poised potential at +0.697 V and high start inoculum. Averages and standard deviation are provided 
for biological replicates (n = 4). 
 
1.5 mM 
K3[Fe(CN)6], 
+0.5 V 
1.5 mM 
K3[Fe(CN)6], 
open circuit 
no mediator, 
open circuit 
1.5 mM 
K3[Fe(CN)6], 
+0.5 V, high 
inoculum 
Carbon balance (%) 84.46 ± 6.55 96.95 ± 9.22 93.06 ± 8.52 96.27 ± 7.12 
Redox balance (%) 84.55 ± 6.49 96.68 ± 9.58 90.86 ± 7.16 96.08 ± 6.74 
 
Yields 
[molproduct 
molglucose-1]  
lactate 1.07 ± 0.05 1.59 ± 0.49 1.28 ± 0.18 1.14 ± 0.04 
succinate 0.22 ± 0.01 0.24 ± 0.04 0.26 ± 0.05 0.20 ± 0.05 
acetate 0.12 ± 0.04 0.11 ± 0.02 0.09 ± 0.03 0.03 ± 0.003 
electrons 0.25 ±0.02 - - 0.16 ± 0.08 
Yields 
[mmolproduct 
molglucose-1] 
lysine 41.06 ± 1.97 51.90 ± 8.79 51.80 ± 14.11 55.79 ± 2.83 
alanine 9.34 ± 0.97 9.68 ± 2.87 11.07 ± 2.16 29.03 ± 0.54 
glycine 0.59 ± 0.05 1.83 ± 1.11 1.83 ± 0.51 4.59 ± 0.19 
 
Volumetric glucose 
consumption rates 
[mmol L-1 h-1] 
0.86 ± 0.10 0.46 ± 0.15 0.43 ± 0.03 3.51 ± 0.01 
Volumetric 
production 
rates 
[mmol L-1 h-1] 
lactate 0.92 ± 0.11 0.63 ± 0.08 0.55 ± 0.04 4.02 ± 0.19 
succinate 0.19 ± 0.02 0.11 ± 0.02 0.11 ± 0.01 0.67  ± 0.19 
acetate 0.11 ± 0.04 0.05 ± 0.01 0.04 ± 0.01 0.11 ± 0.01 
electrons 0.22 ± 0.04 - - 0.56± 0.27 
Volumetric 
production 
rates 
[µmol L-1 h-1] 
lysine 35.29 ± 4.77 23.78 ± 4.10 21.93 ± 4.93 202.23 ± 2.27 
alanine 8.11 ± 0.05 4.09 ± 1.02 4.72 ± 0.58 108.73 ± 4.61 
glycine 0.50 ± 0.04 0.77 ± 0.40 0.77 ± 0.19 20.75 ± 2.45 
 
The anodic electro-fermentation showed faster production rates and higher titers than the control 
experiments. After 78 h, when the glucose was consumed, lactate, succinate and acetate 
concentrations were measured as 68.24 ± 11.17, 12.22 ± 1.58 and 6.14 ± 1.07 mM, respectively, that 
was approximately 1.6, 2.2 and 2.1 times, higher than in the control experiments, respectively (Fig. 
22A, B, and C). Similar trends were observed for the production of lysine (2.18 ± 0.28 mM) and 
alanine (0.89 ± 0.12 mM) after 78 h (Fig. 22D and C), hence, approximately 2.1 and 2.2 times higher 
compared to the control experiments respectively. The measured amount of glycine was relatively 
similar in all three experimental sets to that time point (Fig. 22F). 
The yields of all produced organic acids in the mediated BES experiments were observed to be similar 
to the controls (Table 3). However, the lysine yield was lower in the anodic experiments compared 
to control A, but similar to control B. The alanine and glycine yields were similar to the control A, 
but lower than in control B (for statistics see Table A4, appendix). Furthermore, the anode as an 
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additional electron sink enhanced significantly the glucose consumption rates and volumetric 
production rates of all products except of lysine and glycine (for statistics see Table A4, appendix). 
 
 
Figure 22: Anodic enhancement of organic acid and amino acid production. Time course of main organic acid (A-C) and 
amino acid (D-F) produced during anaerobic fermentation of C. glutamicum lysC in a BES under 3 different conditions: 
1) With addition of K3[Fe(CN)6] and poised potential at +0.697 V vs SHE (blue circles). 2) With addition of K3[Fe(CN)6] 
but operated under an open circuit (orange squares). 3) No addition of K3[Fe(CN)6] and operated under an open circuit 
(green triangles). Grey area indicates time frame when glucose was consumed under condition 1). Data have been 
averaged from 4 biological replicates for each condition. 
 
13C tracer study points towards a limitation of the pentose phosphate pathway 
In order to get an insight into the metabolism of C. glutamicum during growth in the BES, a tracer 
study with [1-13C] glucose was conducted. The limited cell growth did not provide appropriately 13C 
labelled cell protein to infer flux information, so this information was obtained from secreted 
products, as successfully applied in previous work.158 Here, the accumulation of alanine was used to 
estimate the activity of the oxidative pentose phosphate (PP) pathway.295 In the oxidative PP pathway, 
the labelled carbon of [1-13C] glucose is cleaved off as CO2. The higher the PP pathway flux, the 
lower the labelling enrichment in alanine, i.e. the lower the ratio of 13C labelled (M+1) to non-labelled 
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(M) alanine mass isotopomers, formed downstream of the pathway. The labelling information of 
alanine (Table A5, appendix) could be used to estimate the relative flux into the PP pathway for the 
BES (27%) (for calculations, see section 3.7 ‘Calculations’ in chapter 3 ‘Material and methods’). In 
comparison, the same strain exhibits a relative PP pathway flux of 53% under aerobic conditions, 
almost twice as high.152 
 
Effect of higher biomass inoculum on anodic electro-fermentation 
We tested the impact of a 6.6 times higher concentrated inoculum on the anodic electro-fermentation 
(Figure 23). By providing more biomass, the process was accelerated significantly, with more than 
97% of the glucose being consumed after 13.4 h instead of 78 h. The CDW doubled from 1.29 ± 0.07 
g L-1 to 2.67 ± 0.16 g L-1. Here, we reached a lysine concentration of 2.94 ± 0.02 mM at a volumetric 
production rate of 202.23 ± 2.27 µmol h-1 (Table 3). This demonstrates that the process can be 
expedited by high biomass inoculum, and that at cell densities up to OD660 of 7.6 ± 0.5 electron 
transfer in the BES is not limiting. 
 
 
Figure 23: Effect of higher biomass inoculum on anodic electro-fermentation. Time courses of (A) bacterial growth and 
glucose consumption, (B) main organic acid and amino acid production of C. glutamicum lysC in a BES under anaerobic 
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conditions and poised potential at +0.697 V with addition of K3[Fe(CN)6]. The BES was inoculated with an OD660 of 
3.65. Grey area indicates time frame when glucose was consumed. Data have been averaged from 2 biological replicates. 
 
Anodic electro-fermentation in a well-characterized up-scale fermentor154 
This subsection reports anodic electro-fermentation in a commercial fermentor equipped with an 
assembly, which facilitates MES. The research outcome was taken from the following published work 
and was modified to fit this thesis: 
Krieg, T., Phan, L.M., Wood, J.A., Sydow, A., Vassilev, I., Krömer, J. O., Mangold, K.M. and 
Holtmann, D., (2018). Characterization of a membrane separated and a membrane‐less 
electrobioreactor for bioelectrochemical syntheses. Biotechnology and bioengineering. 115(7): 
1705-1716. doi: 10.1002/bit.26600 
 
A scale-up of oxidative MES was realized from 350 mL to 2.4 L with a modified commercial 
bioreactor. Mediator concentrations and specific electrode surface areas of the used carbon cloth 
electrodes were kept constant at 0.07 cm2 cm-3 and specific membrane area was slightly increased 
from 8.1 cm2 dm-3 (350 mL BES) to 10.2 cm2 dm-3 (2.4 L BES) to avoid ion-flux limitations through 
the membrane. 
Current production started immediately after inoculation and reached current densities of up to 
115 µA cm-2, which is in the same range compared to the S. oneidensis experiments (Figure 24A). 
Glucose was consumed over a period of 25 h and concentrations of up to 70 mM lactate, 10 mM 
succinate and 2 mM lysine were produced in the system (Figure 24B). Specific production rates were 
1.7 mmol g-1 CDW h-1 lactate, 0.25 mmol g-1 CDW h-1 succinate and 0.047 mmol g-1 CDW h-1 lysine, 
which are in the same range as in the 350 mL system. 
Despite using a defined and well characterized modified electrobioreactor with optimal mixing 
conditions of the medium vs. a custom made electrobioreactor with non-defined mixing by a magnetic 
mixer, no increased production rates were measured. This indicates that anodic electro-fermentation 
of lysine and organic acids might not be limited by the BES setup but rather by the biocatalysis of the 
cells. 
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Figure 24: Anodic electro-fermentation in a well-established bioreactor.154 Time courses of (A) bacterial growth 
(OD600nm, diamonds) and current density (line), (B) main organic acid and L-lysine production of C. glutamicum lysC 
(high biomass inoculum) under anaerobic conditions and poised potential at +0.697 V with addition of K3[Fe(CN)6]. 
 
4.2.2 Discussion 
The presence of the anode as an artificial electron sink supported the microorganism in staying longer 
in the growth phase and reaching a higher biomass. In addition, the anodic fermentation enhanced 
glucose uptake and allowed a complete conversion of the sugar into products after 78 h (at low 
inoculum), while achieving higher product concentrations at faster volumetric production rates. 
 
How does the anode influence the energy balance in C. glutamicum? 
In initial experiments, C. glutamicum lysC was provided with a polarized anode at +0.697 V. On the 
one hand, that voltage is sufficiently high enough to drive the transfer of electrons from the 
components of the cellular electron transport chain to the anode,291 but on the other hand, sufficiently 
low enough to prevent the abiotic oxygen evolution through electrolysis of water. However, the 
microbial interaction with the anode was very limited, and thereby enhanced by providing the 
microorganism with a mediator, ferricyanide. The measured redox potential of the mediator was 
+0.44 V, which is similar to the values reported in the literature,296 and which makes it suitable to 
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support an anodic oxidation process as recently demonstrated for the anodic respiration of 
Pseudomonas putida.291, 297 Since ferricyanide is a hydrophilic oxidant, we assume that it is not able 
to cross the cell membrane.298-299 Therefore, a possibility is that the mediator interacts with 
components of the cellular electron transport chain located in the cell membrane. Here, it is thought 
that membrane-bound primary dehydrogenases in the cytoplasm, soluble lipophilic molecules in the 
membrane like quinones, and membrane-localized (multi-) protein complexes such as cytochromes 
and terminal oxidases (reductases) play an important role to enable the extracellular electron 
transfer.15, 291 Therefore, we discuss the potential sites for interaction of ferricyanide with the 
respiratory pathway of C. glutamicum. 
The branched electron transport chain of C. glutamicum consists of at least six primary 
dehydrogenases (DHs): succinate DH, NADH II DH, malate:quinone oxidoreductase (OR), 
pyruvate:quinone OR, L-lactate DH and D-lactate DH. All these dehydrogenases contain a flavin 
cofactor and reduce menaquinone (MQ) to menaquinol (MQH2), a mobile electron carrier in the 
membrane. MQH2, transfers the electrons either to the cytochrome bd oxidase or to the super complex 
consisting of cytochrome bc1c complex and a cytochrome aa3 complex. Afterwards, the oxygen 
reductases pass the electrons to a final electron acceptor and couple this process with a creation of an 
electrochemical proton gradient across the membrane.262, 281, 300 
If we assume the lipid bilayer membrane as a barrier, the mediator could only exchange electrons 
with the terminal cytochrome complexes, MQH2 and/or potentially with the succinate DH, which 
possesses a cytochrome b in the membrane anchoring subunit.301 Thermodynamically all three 
options would be feasible.291 Kinetic respiratory experiments have demonstrated that all the 
mentioned candidates for reduction of ferricyanide would be in principle capable of doing so 
supporting the proposed mechanisms in Figure 25.302-305 
Irrespective of the terminal electron donor in the respiratory chain, there is a need for charge balance 
in a BES. To maintain electroneutrality, for each electron transferred to the anode, one positive charge 
(i.e., a proton) has to migrate to the cathode. If succinate DH would directly reduce the mediator no 
protons would be translocated and the available proton motive force to drive ATP synthase would 
shrink. It is unlikely that such a process could support the observed growth. Likewise, would the 
direct oxidation of MQH2 by ferricyanide or via cytochrome bd oxidase not lead to a useable proton 
motive force. The only scenario that could deliver additional protons for the synthesis of ATP would 
be the oxidation of the cytochrome super complex by ferricyanide. This would transport six protons 
per electron couple across the membrane. It is estimated that synthesis of one ATP from ADP by 
F1F0-ATP synthase requires the transfer of three or four protons from the extracellular to the 
intracellular side of the membrane.262 In the BES that would mean 1-1.3 mol ATP per mol of 
electrons, or 0.33 molATP / molGlucose delivered via the anode. The production of lactate and acetate 
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would contribute 2.14 and 0.48 molATP / molGlucose, respectively (net production of 2 mol ATP per 
mol lactate and 4 mol ATP per mol acetate from glucose) (Figure 25). The anodic respiration adds 
about 12.6% of energy. Although it was reported that Corynebacterium is energy limited under 
anaerobic conditions,293 adding around 13% of energy is a relatively small contribution of the anodic 
respiration to the energy balance. The observed doubling of the biomass, might be indicating that a 
regulatory process could be at play causing the improved growth. 
 
 
Figure 25: Schematic image of potential interaction sides of the terminal electron transport chain of C. glutamicum with 
K3[Fe(CN)6] acting as an external electron acceptor (mediator). By oxidizing substrates primary dehydrogenases (DHs) 
and/or oxidoreductases (ORs) could pass the obtained reducing equivalents straight to the mediator like succinate DH or 
to menaquinone (MQ). The reduced MQ, menaquinol (MQH2) could shuttle the electrons straight to the mediator or to 
terminal oxygen reductases, which could transfer the electrons further to the mediator. The super complex could couple 
this process with a creation of an electrochemical proton gradient across the membrane for energy conservation in form 
of ATP (adenosine triphosphate; ADP, adenosine diphosphate). The mediator is reoxidized by the anode (ox, oxidized; 
red, reduced). Red dashed lines indicate hypothetical electron and proton flow. 
 
How does the anodic fermentation influence regulation of metabolism? 
By providing an artificial electron sink to C. glutamicum lysC we enhanced the cellular glucose 
consumption, the cell growth and the biosynthesis of products, but as discussed above, the production 
of additional ATP could possibly not explain the phenotype. Inui et al. proposed that the anaerobic 
glycolytic pathway of Corynebacterium is regulated by the intracellular NAD+/NADH ratio.153 
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Glucose is metabolized to pyruvate via the Embden-Meyerhof-Parnas (EMP) pathway, whereby 
NAD+ is reduced to NADH by the enzyme glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 
(Figure 26). But GAPDH is inhibited by NADH, which can be recycled to NAD+ via lactate 
dehydrogenase (LDH) by converting pyruvate to lactate. Therefore, the main product of 
Corynebacterium under anaerobic conditions is lactate, which drives the glucose uptake and the 
glycolytic pathway and reduces the oxidative PP flux compared to aerobic conditions.153 We assume 
that the anode can also recover NAD+ via NADH DH II, which potentially could transfer reducing 
equivalents via the respiratory pathway and the mediator to the anode. This assumption is supported 
by the observation that glucose was faster consumed (Figure 21) while the specific rate of lactate 
production did not increase significantly (Table A3, appendix) when providing the mediator and the 
anode. Likewise, the anode as an external electron sink could also support the enzymes LDH, PQO, 
MQO and SDH ultimately oxidising the NADH pool (Figure 26). If this causes a shift in the 
NAD+/NADH ratio remains to be tested, but it seems more plausible than the additional energy 
delivered by the BES. 
 
 
Figure 26: Catabolism of glucose by C. glutamicum during anodic Electro-fermentation in a BES and its central 
metabolism. Enzymes are shown, which could potential contribute to the transport of reducing equivalents to the mediator 
(red lines). Abbreviations: ADP adenosine diphosphate, ATP adenosine triphosphate, CoA coenzyme A, e- reducing 
equivalents, GAPDH glyceraldehyde-3-phosphate dehydrogenase, ICD isocitrate dehydrogenase, LDH lactate 
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dehydrogenase, MDH malate dehydrogenase, MQO malate:quinone oxidoreductase, NAD+/NADH nicotinamide adenine 
dinucleotide (oxidised / reduced), NADP+/NADPH nicotinamide adenine dinucleotide phosphate (oxidised / reduced), 
NDH DH II NADH dehydrogenase II, P phosphate, PDH pyruvate dehydrogenase, PEP phosphoenolpyruvate, PQO 
pyruvate:quinone oxidoreductase, SDH succinate dehydrogenase, SQO succinate:menaquinone oxidoreductase. 
 
Are reductive or oxidative BES conditions better for lysine production? 
In contrast to an aerobic bioprocess, where higher rates and yields have been demonstrated,283 the 
anoxic fermentation faces the problem of an excess of reducing equivalents.153 Therefore, providing 
an external electron acceptor supports the bacteria achieving redox balance and enhances glucose 
consumption, biomass production and biosynthesis of products, including also lysine production. 
Lysine is more reduced than glucose and four mol NADPH per mol of lysine are needed in glucose-
based production. When using an anodic electrode as electron sink, reducing equivalents will be 
removed from the system. While this may seem to be contradictory to production of an amino acid 
from glucose, but the oxidation of the NADH pool will allow anaerobic ATP production, which under 
electron feeding conditions could not be achieved. 
Xafenias and co-workers recently tested anthraquinone-2-sulfonate (AQ2S) as a mediator to increase 
the production of lysine under oxidative and reductive conditions in a BES.292 In contrast to our study, 
no growth could be observed but different effects on different metabolic products were described. 
We consider AQ2S as a suboptimal mediator, because due to the relatively high redox potential (-
0.25 V) it is not able to support thermodynamically the reduction of NADP+ under reductive 
conditions, which is critical for lysine biosynthesis.291 On the other hand, under oxidative conditions 
its redox potential is too negative to allow acceptance of electrons from the terminal components of 
the cellular electron transport chain of C. glutamicum.291 Interestingly lysine concentrations and 
yields observed by us were comparable to those reported in the same study but under reductive 
conditions,292 in spite of the fact that in that study a further optimized production strain was used. 
This strain carried two additional beneficial mutations for lysine production,306 yet no better outcome 
was achieved. This might indicate that the reductive conditions with AQ2S in fact do not lead to 
better supply with NADPH. Our tracer study points towards a reduction in the oxidative PP flux 
causing potentially a NADPH limitation during lysine production. At this point it seems that 
regulatory control of the central flux partitioning between glycolysis and oxidative PP is limiting 
production rather than the available redox equivalents in the system. 
 
4.2.3 Conclusions 
In this work, we used microbial electrochemical technology to improve bioproduction of amino acids. 
Using an anode instead of oxygen as the final electron acceptor can make it possible to turn an aerobic 
production process into an anoxic production process. We demonstrate a ferricyanide mediated 
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anodic electro-fermentation using C. glutamicum lysC for the anoxic production of L-lysine. We 
achieved titers up to 2.89 mM, which are, to our knowledge, the highest reported under anaerobic 
conditions. This proof-of-concept research demonstrates the great power of anodic electro-
fermentation for improving biochemical production processes and highlights the need to study 
electron transfer mechanism under anoxic conditions and the effect on the cellular regulation.  
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4.3 Microbial electrosynthesis of isobutyric, butyric, caproic acids, and corresponding 
alcohols from carbon dioxide2 
 
 
Figure 27: Graphical abstract of section 4.3. Reductive MES: Supply of electrical energy to a mixed reactor microbiome 
enabled a sustainable production of C2, C4 and C6 commodity chemicals and biofuels from CO2. 
 
This section is based on the following published work and was modified to fit this thesis: 
Vassilev, I., Hernandez, P. A., Batlle-Vilanova, P., Freguia, S., Krömer, J. O., Keller, J., Ledezma, 
P. and Virdis, B., (2018). Microbial electrosynthesis of isobutyric, butyric, caproic acids and 
corresponding alcohols from carbon dioxide. ACS Sustainable Chemistry & Engineering. 6(7): 8485-
8493. doi: 10.1021/acssuschemeng.8b00739 
 
Reductive MES has the power to convert the greenhouse gas CO2 into valuable chemicals using 
renewable energy sources such as photovoltaics or wind energy. 56, 76 However, the product spectrum 
is mainly limited to acetate.87 Despite the environmental benefits of recycling CO2 emissions to 
counter global warming, bioelectrochemical production of acetate is not very attractive from an 
economic point of view. Conversely, carboxylates and corresponding alcohols with longer C content 
not only have a higher economical value as compared to acetate, but they are also relevant platform 
chemicals and fuels used on a diverse array of industrial applications.70 Here, we report on a specific 
mixed reactor microbiome capable of producing a mixture of C4 and C6 carboxylic acids (isobutyric, 
n-butyric, and n-caproic acids) and their corresponding alcohols(isobutanol, n-butanol, and n-
hexanol) using CO2 as the sole carbon source and reducing power provided by a cathode. 
Metagenomic analysis supports the hypothesis of a sequential carbon chain elongation process 
81 
comprised of acetogenesis, solventogenesis, and reverse β-oxidation, and that isobutyric acid is 
derived from the isomerization of n-butyric acid. 
 
4.3.1 Results and discussion 
Supply of reducing equivalents for MES 
The BES was operated for a total of 462 days during which a fixed potential of −0.8 V was applied 
to the cathode electrode. As a result, cathodic current production (i.e., negative in value) was 
observed. Figure 28A depicts the current versus time trace measured during the reactor operations. 
While a large variability could be observed, especially in the first three SBs, an average current 
density of −0.9 ± 0.3 mA cm–2 was delivered. 
 
 
Figure 28: Reductive MES by an open reactor microbiome. (A) Profiles of current density, charge transferred at the 
electrode, and charge recovered as multicarbon products vs the time. (B) Concentration vs time of volatile fatty acids, 
VFAs, and (C) alcohols. The BES was operated for a period of 462 days during which six semi-batch (SB) tests were 
performed. The potential of the working electrode (the cathode) was poised to −0.8 V, and CO2 was provided as the sole 
carbon source. 
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During MES, the supplied electrons can be taken up by the microbial community either in the form 
of H2 (electrochemically or bioelectrochemically produced) or potentially through direct electron 
transfer from the cathode (Figure 29A, pink shaded area),79 although our data do not provide evidence 
of direct electron transfer pathway. In fact, H2 was continuously produced, which was confirmed by 
analysis of the composition of the reactor headspace (Figure A2, appendix), and H2 acted putatively 
as an electron carrier, suggesting indirect electron transfer took place. In this way, H2 provided by the 
cathode allowed the microbial community to transform CO2 to multicarbon compounds (C2–C6 
carboxylates and corresponding alcohols) with a charge recovery in products increasing from 0.08 
MC (megacoulomb) in SB-I to 0.21 MC in SB-VI (Figure 28A), equivalent to a charge efficiency of 
7.1% and 44.0% (Table A2, appendix), respectively. Recovery of electrons into biomass could not be 
determined, as the biomass growth could not be quantified in our system. Most likely, the supplied 
electrons not recovered in multicarbon products were vented out of the system as unused hydrogen 
(>50%).94 Another potential inefficiency could derive from the presence of oxygen in the cathode 
chamber, which might act as an alternative electron sink thereby diverting electrons from CO2 
reduction. In our system, oxygen was produced through electrolysis of water in the anodic chamber, 
and potentially it could reach the cathode by diffusion through the cation exchange membrane.89 
While no oxygen was detected in the headspace of the cathode chamber (Figure A2, appendix), it is 
possible that direct electroreduction at the electrode and/or microbial metabolism have kept its levels 
below detection during the reactor operations. 
 
Extended product spectrum of MES 
Figure 28B and C details the concentration profiles of the products observed in the BES. The 
measured multicarbon products covered 97 ± 14% of the total organic carbon (Table A3, appendix), 
indicating that most biosynthesized products as shown in Figure 28B and C were taken into account. 
The concentration of all summed products increased by approximately 1.3 times in each SB over the 
course of the reactor operations, reaching a maximum level of 422.6 mM-C (mM of carbon) in SB 
VI. We assume that the increase of the concentration of the products in each SB is due to the 
adaptation of the microorganisms over the long-term operations to the given conditions and became 
more tolerant to a higher concentration of VFAs and alcohols.307 No organic products were measured 
in control experiments performed in the absence of energy supply or catalytic biomass, confirming 
the role of energy supply in the production process as well as its biological nature (figure A3, 
appendix). 
Figure 28B shows that acetate was the main product of MES, with titers reaching a maximum of 98.5 
± 6.2 mM-C (equivalent to 49.3 ± 3.1 mM, 2.9 ± 0.2 g L–1) across SBs-I–V. In SB-VI, acetate 
concentration increased to a maximum of 165.0 mM-C (equivalent to 82.5 mM, 4.9 g L–1), at a net 
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volumetric production rate of 4.8 mM-C d–1. While production of carboxylates with longer chain was 
minimal in SB-I, with only up to 30.0 mM-C of isobutyrate (equivalent to 7.5 mM, 0.7 g L–1) and 
16.0 mM-C of butyrate (equivalent to 4.0 mM, 0.4 g L–1), a steady increase in C4 compounds was 
observed starting from SB-II (Figure 28B). Interestingly, production of butyrate and isobutyrate 
occurred simultaneously, with butyrate becoming the dominant C4 carboxylate from SB-III onward. 
A maximum butyrate titer of 142.8 mM-C (equivalent to 35.7 mM, 3.1 g L–1) was observed in SB-
VI, and a maximum isobutyrate titer of 74.1 mM-C (equivalent to 18.5 mM, 1.6 g L–1) was measured 
in the same SB. The net production rates for C4 carboxylates in SB-VI were determined as 3.3 and 
1.9 mM-C d–1 for butyrate and isobutyrate, respectively. Caproic acid (C6) started to be detected in 
the cathodic broth in SB-III when a maximum of 27.9 mM-C (equivalent to 4.7 mM, 0.5 g L–1) was 
measured. Interestingly, its production increased as reactor operations progressed, and in SB-VI up 
to 64.2 mM-C (equivalent to 10.7 mM, 1.2 g L–1) was measured, at a net volumetric production rate 
of 2.0 mM-C d–1. These are some of the highest titers of butyrate, isobutyrate, and caproate observed 
in a BES fed with CO2 as the sole C source. 
Alongside the production of carboxylic acids, the production of their corresponding alcohols was also 
observed during reactor operations (Figure 28C). Ethanol was the main alcohol produced during the 
initial SB, with levels reaching 56.1 mM-C (equivalent to 28.1 mM, 1.3 g L–1). Only small titers of 
butanol were detected in SB-I (<10 mM-C). Interestingly, the levels of ethanol decreased to a 
maximum of 18.6 mM-C in SB-II (equivalent to 9.3 mM, 0.4 g L–1), and similar levels were 
maintained in the following SBs (Figure 28C), while at the same time, production of butanol increased 
to 20.8 mM-C (equivalent to 5.2 mM, 0.4 g L–1), hence doubling the levels observed in the first batch, 
and remained similar in the following SB-III and -IV. An increase in butanol was measured in SB-V 
and -VI, with a maximum titer of 44.0 mM-C (equivalent to 11.0 mM, 0.8 g L–1) observed at day 444, 
one of the highest titers reported by an electrosynthesis microbiome. Small, although increasing, 
levels of isobutanol and hexanol were also observed during reactor operations, with titers reaching, 
respectively, 11.3 mM-C (equivalent to 2.8 mM, 0.2 g L–1) and 12.8 mM-C (equivalent to 2.1 mM, 
0.2 g L–1) in SB-VI. 
Notably, when at the end of the SB-VI, we transferred some of the biomass (granules-associated 
biomass and planktonic cells) from the primary reactor to a sterile BES operated under identical 
conditions; after 42 days, the new BES displayed a product spectrum comparable to that of the 
primary reactor in SB-IV (Figure A4, appendix), thus proving not only the reproducibility of the 
performance, but also that the specific microbiome enriched under the operating conditions applied 
was responsible for the range of products observed. 
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Figure 29: Putative metabolic pathways for microbial electrosynthesis identified in the reactor microbiome. (A) 
Cathodically generated reducing power in a BES via electrochemically or bioelectrochemically produced H2, or 
potentially via direct microbial electron uptake. (B) Potential pathways converting CO2 (substrate circled in green) into 
short and medium carbon chains (products circled in orange). Blue highlighted pathway shows Wood–Ljungdahl pathway 
for fixation of CO2 and synthesis of acetyl-CoA, which can be converted to acetate or ethanol (yellow highlighted). Green 
highlighted pathway represents the Ehrlich pathway for isobutyrate/isobutanol synthesis. Acetyl-CoA can also be used 
for butyrate/butanol and caproate/hexanol production via reverse β-oxidation, highlighted in pink and grey, respectively. 
Enzymes, the ortholog genes of which were confirmed in the microbial community genome, are highlighted with a yellow 
border. The dashed yellow border indicates that the gene associated with that particular enzyme was not confirmed in the 
genome. ACD, acyl-CoA dehydrogenase; ACK, acetate kinase; ACS, acetyl-CoA synthase; ADH, alcohol 
dehydrogenase; ADHE, aldehyde-alcohol dehydrogenase; ALDH, aldehyde dehydrogenase; ALS, acetolactate synthase; 
AOR, aldehyde ferredoxin oxidoreductase; ATO, acetyl-CoA C-acetyltransferase; BCD, butyryl-CoA dehydrogenase; 
BDH, butanol dehydrogenase; BUK, butyrate kinase; CoAT, acetate CoA/acetoacetate CoA transferase; CODH, carbon 
monoxide dehydrogenase; CRT, crotonase; Fd, ferrodoxin; FDH, formate dehydrogenase; FTS, formyl-THF synthase; 
HAD, hydroxyacyl-CoA dehydrogenase; HBD, hydroxybutyryl-CoA dehydrogenase; HYD, hydrogenase; ICM, 
isobutyryl-CoA mutase; ILVC, ketol-acid reductoisomerase; ILVD, ketoisovalerate decarboxylase; KIVD, alpha-
ketoisovalerate decarboxylase; MTC, methenyl-THF cyclohydrolase; MTD, methylene-THF dehydrogenase; MTR, 
methylene-THF reductase; ox, oxidized; PFOR, pyruvate ferredoxin oxidoreductase; PTA, phosphate acetyltransferase; 
PTB, phosphate butyryltransferase; red, reduced. 
 
Microbiome characterisation and putative metabolic pathways 
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Analysis of the metagenome in samples taken from the planktonic and biofilm cells at the end of SB-
III, -IV, -V, and VI revealed that despite some temporal variability, organisms belonging to the genus 
Clostridium dominated both the biofilm (in SB-III to -VI) and the planktonic (in SB-V and -VI) 
microbial communities (for a detailed community analysis see Figure A5, Figure A6 and Text A1 in 
appendix). The prevalence of Clostridium spp. in our reactor microbiome is not surprising, and might 
explain the production of acetate in our reactor (Figure 27B). In fact, several Clostridium spp. such 
as C. ljungdahlii have been frequently reported in BES microbiomes as responsible for converting 
CO2 to acetic acid.
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A putative metabolic pathway network based on the observed product spectrum linked with the 
genomic information we collected on our system is compiled in Figure 29. The metagenome data 
were used to establish functional gene orthologs via the KEGG (Kyoto Encyclopedia of Genes and 
Genomes) Orthology database (http://www.kegg.jp) to prove if the enzymes required for the proposed 
pathways could potentially be expressed by our microbiome. The complete functional ortholog gene 
table can be downloaded online as an individual Microsoft excel spreadsheet (sheet: KO matrix) 
(https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.8b00739). In addition, we give the detailed 
chemical reactions taking place in the putative pathways, the assigned genes, enzymes, KEGG 
Orthology identifiers and the relative abundance of the annotated gene in the metagenome (sheet: 
putative pathways in detail). 
Production of acetate is accomplished via acetogenesis through a multistep metabolic pathway 
starting with the reduction of two CO2 molecules and the synthesis of the central metabolite acetyl-
Coenzyme A (CoA) via the Wood–Ljungdahl pathway (Figure 29B, blue-shaded area). 87, 308 Because 
acetate has a higher degree of reduction than CO2 (+4 vs 0), the reducing equivalents to drive 
acetogenesis are most likely provided by the cathode in form of electrochemically or 
biologically/enzymatically produced hydrogen, or potentially direct microbial electron uptake (Figure 
29A, pink-shaded area).79 Acetyl-CoA is then converted to acetate via phosphorylation for ATP 
generation (Figure 29B, yellow-shaded area).87, 308 Genes encoding for this pathway have all been 
detected in the metagenome associated with our reactor, and corroborate the results by Marshall et 
al., who performed a detailed analysis of the metagenome of a MES microbiome dominated by 
Acetobacterium, Sulfurospirillum, and Desulfovibrio, producing mostly acetate from CO2.
309 
However, in contrast to the results of Marshall et al., the product spectrum observed in our reactor 
included C2, C4, and C6 compounds. We hypothesize, as the acetate production progressed, 
accumulation of the undissociated acetic acid in the culturing broth at low pH may reach toxic levels 
and inhibit cellular metabolism.310-311 To prevent further accumulation of undissociated acetic acid, 
Clostridium spp. can alter their metabolism from acetogenesis to solventogenesis and reassimilate 
acetate into its corresponding alcohol ethanol (Figure 29B, yellow-shaded area).310, 312 In our 
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experiment, the onset of ethanol production was observed shortly after high levels of acetate were 
reached (close to the maximum), after which point acetate levels started to decrease while ethanol 
concentration increased (Figure 27B and C). Genome annotation analysis confirmed the presence in 
the reactor microbiome of the genes required to perform solventogenesis. 
The simultaneous presence of acetate and ethanol in cultures presenting Clostridium spp. (e.g. C. 
kluyveri) can lead to longer chain carboxylates via the reverse β-oxidation chain elongation 
pathway,313 which adds an acetyl-CoA derived from ethanol to acetate (C2), thereby elongating to n-
butyrate (C4), and then to n-butyrate to obtain n-caproate (C6).314 Production of n-butyrate was 
observed in the cathodic broth even during the SB-I (Figure 27B), with maximum titers increasing 
by 1.6 times each SB over the course of the reactor operations. Caproic acid was also observed (Figure 
27B), with maximum levels across the batch tests increasing by 12.1 times from SB-II to the last SB. 
Genes encoding for enzymes required for the reverse β-oxidation pathway were detected in the reactor 
microbiome, thus suggesting that this pathway of production of C4 and C6 compounds was possible 
(Figure 29, pink- and gray-shaded areas). Alternatively, a direct pathway for n-butyrate (and n-
caproate) production from CO2 via acetyl-CoA (and butanoyl CoA) without intermediate production 
of acetate and ethanol (Figure 29B) should also be considered. In fact, it was previously suggested 
that the strong reducing conditions provided in the BES environment may favor this direct pathway 
(the authors operated their system at a p(H2) of 1.2 atm).
151 However, (1) the fact that acetate and 
ethanol are both consumed during the SB tests, (2) the presence of a certain lag usually observed 
between the production of acetate (and ethanol) and the production of C4–C6 products, and (3) the 
fact that our system was always operated at p(H2) < 0.8 atm (Figure A2, appendix) may disprove the 
direct pathway in favor of the reverse β-oxidation chain elongation pathway. Unfortunately, clear 
indications on the specific role played by the biofilm and planktonic communities could not be 
established, because genes required to perform acetogenesis, solventogenesis, and carbon chain 
elongation were detected on both fractions. 
Interestingly, starting from the first SB, we observed a significant production of the C4 branched 
carboxylate isobutyrate, with maximum titers increasing by 2.5 times from the first SB to the last SB 
(Figure 27B). Isobutyrate could potentially be synthesized through (1) isomerization of butanoyl-
CoA to isobutanoyl-CoA during the reverse β-oxidation via butanoyl-CoA mutase (ICM) to yield 
isobutyrate;315 or (2) via the Ehrlich pathway (Figure 29, green-shaded area), whereby 2 mol of 
pyruvate obtained from 2 mol of acetyl-CoA is combined to form 1 mol of 2-ketoisovalerate, a 
precursor of valine synthesis, which could also be converted into isobutyrate.308, 316 The annotation 
of our microbiome genome identified a gene encoding ICM, which corroborates the hypothesis that 
isobutyrate production occurred via isomerization of butanoyl-CoA. In addition, butyrate and 
isobutyrate synthesis started at the same time and showed a parallel production profile (Figure 27B), 
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indicating that their pathways might have a common intermediate, butanoyl-CoA (Figure 29B, pink-
shaded area). In other words, butanoyl-CoA, produced from carbon chain elongation, could be used 
either to yield isobutyrate via isomerization or to produce butyrate (Figure 29B, pink- and green-
shaded areas). Further, butyrate could also be reactivated back to butanoyl-CoA, which could be 
transformed to isobutyrate or also potentially used for the production of caproate via reverse β-
oxidation using acetyl-CoA derived from the oxidation of ethanol (Figure 29B, gray-shaded area). 
Conversely, isobutyrate synthesis through the Ehrlich pathway was not supported by our metagenome 
data. Even though the gene expressing alpha-ketoisovalerate decarboxylase (KIVD), necessary for 
the conversion of 2-ketoisovalerate to isobutanal, does not have an assigning KEGG Orthology 
identifier in the database, when we blasted open reading frames (ORFs) in our metagenome against 
Uniprot100, the gene encoding for KIVD was not detected. 
In our opinion, the pH played an important role in triggering the observed shift in the MES product 
spectrum from the typical product acetate toward more valuable C4 and C6 chemicals. By using a 
low buffered media, we operated the cathodic broth at a pH between 4.9 and 5.2. We believe that the 
community responded to the continuous exposure to these acidic conditions by reducing acetate to 
ethanol to counter the accumulation of toxic undissociated carboxylic acids in the broth.149, 310-311 
Consequently, acetate could be elongated using ethanol through chain elongation to produce C4 and 
C6 compounds,308, 314 achieving the additional advantage of further decreasing the total levels of 
undissociated acids by consuming three C2 compounds to produce one C6 molecule.317 In fact, at the 
end of SB-II–VI, the obtained mixture of C2–C6 VFAs contained 30.8 ± 2.5% less undissociated 
carboxylic acids as compared to a hypothetic solution containing only acetic acid as a product and at 
the same pH. Following a similar approach, LaBelle et al. adapted an acetate-producing MES 
microbiome to acidic condition (pH ≈ 5).113 However, rather than promoting solventogenesis, the 
community responded by enhancing bioelectrochemical H2 production, in turn resulting in increased 
acetate synthesis, indicating that the community was more resistant to higher levels of undissociated 
acetic acid as compared to that reported here. Interestingly, the microbiome in the above-mentioned 
report was dominated by Acetobacterium, that instead represented only 2–12% of the community 
reported here, which was instead dominated by Clostridium spp., and thus may indicate a lower 
tolerance of this genus to low pH and a preference to solventogenesis. 
A further advantage that arises from operating MES at acidic pH is that these conditions are reported 
to inhibit methanogenesis, resulting in no need for the addition of methanogens inhibitors in the 
growth medium.84 This would be beneficial for industrial implementation where the continuous use 
of chemicals would affect the overall process economy. However, to completely limit the competition 
of methanogens in our system, we used 2-bromoethanesulfonate throughout our experiments; as such, 
the long-term effects of operating the system at low pH need to be verified. 
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As discussed above, in addition to carboxylic acids, the production of C4 and C6 alcohols butanol, 
isobutanol, and hexanol was also observed in our reactor (Figure 27C). Interestingly, while the 
production of ethanol lags that of acetic acid (suggesting the requirement for the latter to reach 
inhibiting levels before the metabolic shift to solventogenesis), production of butanol, isobutanol, and 
hexanol occurred simultaneously to that of the corresponding carboxylates, suggesting that the 
community (or part of it) had already shifted to solventogenesis by the time C4 and C6 carboxylates 
were available in the broth. The highest levels of butanol were observed in SB-VI when up to 44.0 
mM-C (equivalent to 11.0 mM, 0.8 g L–1) of butanol was measured. Conversely, during the same SB, 
only 11.3 mM-C (equivalent to 2.8 mM, 0.2 g L–1) and 12.8 mM-C (equivalent to 2.1 mM, 0.2 g L–
1) of isobutanol and hexanol accumulated, respectively (Figure 27C), probably due to the lower 
concentrations of isobutyrate and caproate, or the lower specificity of the alcohol dehydrogenase for 
isobutanol and hexanol.312, 318 
To date, the reports of bioelectrochemical production of alcohols from CO2 with a carbon chain longer 
than C2 are mainly limited to the secondary alcohol isopropanol (C3). For instance, Arends et al. 
reported the production of 40.8 mM-C isopropanol (equivalent to 13.6 mM, 0.8 g L–1) by an undefined 
mixed culture in a continuous long-term experiment.319 Further, Torella et al. engineered the 
bacterium Ralstonia eutropha to produce 10.8 mM-C isopropanol (equivalent to 3.6 mM, 0.2 g L–
1).320 Bioelectrochemical production of C4 alcohols (mainly butanol) from CO2 was previously 
reported only in trace concentrations <8 mM-C (equivalent to <2 mM, 0.1 g L–1),89, 151 while 
production of alcohols with a carbon chain longer than C4 was only demonstrated when, in addition 
to CO2, hydrogen and carbon monoxide were also supplied.
312, 315, 321 As an example, production of a 
mixture of carboxylates and corresponding alcohols was demonstrated in gas fermentation systems 
by defined cocultures of Clostridia.312, 322 Similar to our reported stepwise synthesis process, C. 
autoethanogenum or C. ljungdahlii was used for the synthesis of acetate and ethanol, while the 
presence of C. kluyveri allowed elongation of the C2 products to longer carbon chain compounds. 
However, a pH discrepancy between the co-cultured species for optimal synthesis of target products 
was observed. In fact, efficient production of ethanol as a precursor for carbon chain elongation was 
observed to require a pH close to 5, although such low pH was reported to inhibit the carbon chain 
elongation performance of C. kluyveri.312, 322 This is in contrast to the results presented here, where 
an undefined microbial community enriched with Clostridium spp. is shown as capable of 
acetogenesis, solventogenesis, reverse β-oxidation, and isomerization of butyrate to isobutyrate at a 
pH of around 5 in one single reactor system, attesting the potential of the mixed cultures to be used 
in biotechnology production platforms. 
 
Strategies to extract valuable products 
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In conclusion, while these results are very promising, it is worth adding some considerations 
regarding the extraction of the obtained products, because the main challenges and costs in many 
fermentation processes are often associated with the downstream processing.323 Indeed, extraction is 
required not only to increase the purity of the products, and hence their economic value, but, 
importantly, it can potentially lead to an enhancement of the production rates if, for instance, in-line 
extraction assures that levels below inhibition are maintained in the bioreactor.107, 323-324 Liquid-
membrane extraction using impregnated hollow fiber membranes could be potentially applied to 
extract butyrate (the main carboxylate in the last SB, Figure 27B) with a higher selectivity than acetate 
from the reactor broth.151 The longer carboxylate, caproate, could be instead selectively extracted 
from the reactor broth via electrodialysis, followed by product phase-separation at acidic conditions 
due to the increased hydrophobic nature of the alkyl chain of caproic acid compared to short-chain 
fatty acids, as demonstrated by Xu et al.325 An alternative approach would be to extract all VFAs as 
a mix rather than as a single targeted product. Sequentially, the concentrated VFAs could be upgraded 
abiotically to longer carbon chain compounds with a higher value.321, 326 Following a similar 
approach, Andersen et al. extracted short-chain carboxylates via membrane electrolysis and upgraded 
the VFAs by biphasic esterification to produce volatile esters.326 In a further work, Urban et al. 
separated a mixture of VFAs from a fermentation broth using a pertraction system and sequentially 
transformed electrochemically the VFAs to liquid alkanes and alcohols via Kolbe reaction and other 
reaction pathways.321 
Regarding the recovery of alcohols, this is usually associated with particularly high recovery costs 
due to low titers usually observed in fermentations.324 Butanol was the main alcohol produced in our 
BES, and could potentially be extracted from the reactor broth using a hybrid process comprising a 
two-stage gas stripping and multistage pervaporation. Both technologies have been proposed as the 
most efficient in terms of selectivity, energy, and costs as compared to conventional one-stage 
recovery technologies such as liquid–liquid extraction, adsorption, and membrane-based 
techniques.324 
 
4.3.2 Conclusions 
In this work, we report on the impact of mildly acidic pH in broadening the product spectrum of 
microbial electrosynthesis from CO2, which is typically limited to acetic acid, a C2 carboxylate with 
low value. By using a low-buffered media and online pH control, we cultured the catalytic 
microbiome at a pH of around 5, thereby triggering a metabolic shift in the microbial community 
from producing mostly acetate through acetogenesis, to ethanol through solventogenesis. In turn, the 
simultaneous presence of acetate and ethanol has led to the production of C4 and C6 carboxylic acids 
(in particular butyric, isobutyric, and caproic acids) via the reverse β-oxidation chain elongation 
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pathway. Community analysis revealed that organisms belonging to the genus Clostridium dominated 
both the biofilm and the planktonic microbial communities, while analysis of the metagenome 
corroborated the hypothesis of a sequential production process comprised of acetogenesis, 
solventogenesis, and chain elongation. Our results show that a change in the operational parameters 
led to the production of industrially relevant carboxylates with a higher economic value than the 
typically observed acetic acid. In addition, we show the production of important biofuels butanol, 
isobutanol, and hexanol, which are superior to ethanol as biofuels because of the higher energy per C 
content and their potential for direct use in existing engines. 
While these results are promising and represent an improvement in the field of microbial 
electrochemical technologies, the titers and production rates reported in this study are still low to 
make this technology economically viable. More research is therefore needed to bring this emerging 
biotechnology a step closer to real-scale implementation. 
At a fundamental level, efforts to elucidate electron transfer mechanisms, metabolic pathways, and 
organisms involved would help to identify the rate-limiting step(s) and develop strategies to enable 
better microbe–electrode and microbe–microbe interactions. In turn, systematic research into the 
identification of the optimal operating conditions would help to develop the best reactor configuration 
to maximize the three processes of acetogenesis, solventogenesis, and chain elongation. To achieve 
this, a synergy between electrochemists, microbiologists, system biologists, and process technologists 
is required. 
  
91 
4.4 Microbial electrosynthesis system with dual biocathode arrangement for simultaneous 
acetogenesis, solventogenesis and carbon chain elongation 
 
 
Figure 30: Graphical abstract of section 4.4. Reductive MES: Innovative three-chamber electrochemical system design 
comprising of two biological cathode chambers and one abiotic anode compartment. This original design achieves the 
physical separation of acetogenesis/chain elongation from solventogenesis, and allows their operation under optimal 
conditions without the requirment of acid/base dosing by fine tuning the pH through a combination of electrochemical 
control, electromigration, and gas sparging. 
 
This section is based on the following work, which was submitted for publication as a communication 
paper. The submitted manuscript was modified to fit this thesis: 
Vassilev, I., Kracke, F., Freguia, S., Keller, J., Krömer, J. O., Ledezma, P. and Virdis, B., (2018). 
Microbial electrosynthesis system with dual biocathode arrangement for simultaneous acetogenesis, 
solventogenesis and carbon chain elongation. Submitted. 
 
METs have the potential to play an important role in the establishment of a circular bioeconomy. In 
particular, microbial electrosynthesis achieves the sustainable production of chemicals and biofuels 
from emissions containing the greenhouse gas carbon dioxide. Biofuels can be produced in 
bioelectrochemical systems through the successive production stages including: 1) acetogenesis to 
convert CO2 into acetic acid through the Wood-Ljungdahl pathway; 2) solventogenesis, reducing 
acetic acid into ethanol; and 3) carbon chain-elongation to sequentially elongate acetic acid with 
ethanol to C4 and C6 carboxylates, which then again are reduced to the corresponding alcohols via 
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solventogenesis. Importantly, the different synthesis steps require specific environmental pH 
conditions to achieve an optimal production process. While acetogenesis and carbon chain elongation 
require neutral pH conditions, solventogenesis typically requires mildly acidic conditions. Hence, 
providing optimal conditions to favor all steps simultaneously is challenging, and typically leads to 
reactors that are operated under suboptimal conditions. 
In this subsection, we introduce an innovative three-chamber bioelectrochemical system comprising 
of two biological cathode-compartments sharing the same anode chamber. Each cathode chamber 
provided ideal pH conditions to favor acetogenesis/carbon chain elongation, and solventogenesis, 
respectively, without the need for acid/base dosing, as the pH in the compartments was regulated 
electrochemically and by CO2 addition. In this way, we achieved the production of C2 to C6 alcohols 
in the cathode chamber featuring mildly acid pH. 
 
4.4.1 Operating principles of the microbial electrosynthesis reactor 
Figure 31 provides a schematic representation of the three chamber electrochemical system and its 
operating principles. Photographs and a detailed assembly schematic can be found in the materials 
and methods section 4.3, Figure 13. In order to control the pH in the two cathode chambers to values 
optimal for acetogenesis/chain elongation (which favours circumneutral pH), and solventogenesis 
(requiring mildly acidic conditions), we adopted a combination of CO2 sparging in cathode chamber 
CC2, and alternating control of the electrochemical potential of the two cathodes CC1 and CC2 
(Figure 31). Two phases can be distinguished, indicated herein as Phase 1 and Phase 2. During Phase 
1, cathode CC1 is kept at open circuit while cathode CC2 is poised at values between -0.80 and -0.85 
V for 5 to 10 minutes depending on the particular experiment (see section material and methods 3.4 
for details), resulting in the following abiotic processes influencing the pH: (i) water electrolysis, 
which produces oxygen (O2) and protons (H
+) at anode AC1, and hydrogen (H2) and hydroxyl ions 
(OH-) at cathode CC2. (ii) Electromigration, which drives the transfer of protons from anode AC1 to 
cathode CC2 (and the migration of hydroxyls from cathode CC2 to anode AC1) to maintain electro-
neutrality. Importantly, the particular membrane arrangement (Figure 31), and the inefficient 
selectivity towards protons and hydroxyls typically displayed by ion exchange membranes such as 
those used in this study,327 result in a pH decrease in AC1 (since cations other than protons can 
transfer positive charge through the CEM between AC1 and CC1), a similar decrease in pH in CC1 
(since the presence of a AEM between CC1 and CC2 limits protons from reaching CC2), and a pH 
increase in CC2 caused by the non-optimal transfer of hydroxyl ions migrating towards CC1 to 
achieve charge balance. 
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Figure 31: Schematic representation of the microbial electrosynthesis reactor with dual biocathode for the production of 
organic acids at neutral pH and simultaneous reduction of the produced organic acids to the corresponding alcohols at 
mildly acidic pH. The anode chamber (AC1) contains a mixed-metal-oxide anode catalysing water oxidation and is 
connected to two cathodes, which are poised at a negative electrochemical potential (≤ -0.80 V vs SHE) at alternating 
intervals. Both cathode compartments (CC1 and CC2) contain graphite granules as an inorganic catalyst and a mixed 
microbial community enriched with Clostridium spp. as biocatalyst.2 CC2 is maintained at neutral pH to promote the 
microbial conversion of carbon dioxide (CO2) and reducing equivalents into carboxylates, that are then transferred to CC1 
by electromigration. Mildly acidic pH conditions in CC1 promote the conversion of the carboxylates into their 
corresponding alcohols via solventogenesis. CEM: cation-exchange membrane; AEM: anion-exchange membrane. 
 
To maintain the pH in CC2 around the set point of ca. 7, considered optimal for acetogenesis and 
carbon chain elongation,149 the medium was sparged with CO2 to buffer the excess of hydroxyl ions 
with protons deriving from the dissociation of carbonic acid (H2CO3). Notably, CO2 sparging in CC2 
leads to further reduction of the pH in the middle chamber CC1 due to the preferential migration of 
bicarbonate ions (HCO3
-) over hydroxyl ions from CC2. Continuous operation of Phase 1 would cause 
the pH in the middle chamber (CC1) to become increasingly acidic. Therefore, a second operational 
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phase (Phase 2) was included, whereby the potential of cathode CC1 is controlled at values between 
-0.8 and 0.9 V for 20 to 25 minutes (see section material and methods 3.4 for details) while cathode 
CC2 is kept as open circuit. This phase assures a proton consuming cathodic reaction in CC1 to 
balance excess proton accumulation during Phase 1, which helps maintaining the pH at values around 
the set point of 4.9 in CC1, considered optimal for solventogenesis.149 
Furthermore, in the presence of microorganisms in CC1 and CC2 during the biotic experiments, the 
following additional processes can be expected: (i) homoacetogenesis in CC2, which promotes the 
microbial conversion of CO2 into acetate using reducing equivalents provided by the cathode during 
Phase 1;132 (ii) elecro-migration of negatively charged carboxylates across the AEM from CC2 to 
CC1; (iii) solventogenesis, the microbial conversion of the acetate (and later also other SCCs and 
MCCs, see below) into ethanol (and higher alcohols) in CC1;328 (iv) solvent extraction and transfer 
to CC2 using H2 produced in CC1 during Phase 2 as stripping gas (Figure 1); (v) carbon chain-
elongation, which converts acetate into carboxylates with higher C content (e.g., SCCs and MCCs) 
using ethanol as electron, energy, and carbon donor. 
 
4.4.2 Results and discussion 
In order to study the abiotic electromigration of acetate ions and diffusion of ethanol across the 
membranes in the electrochemical system, we performed two abiotic batch tests. In batch A, acetate 
was added to CC2, while in batch B, in addition to acetate in CC2, ethanol was added to CC1. In 
batch C and D, no acetate or ethanol were added. Instead a suitable microbial community was seeded 
in CC2 (batch C and D), and CC1 (batch D), and CO2 was used as the sole source of carbon in CC2 
on both tests. Figure 32 reports the results of the batch tests by comparing the concentration of 
carboxylates and alcohols in the three compartments of the BES at the start time point with the final 
time point of a batch. The whole time courses of the batches is reported in the appendix, Figure A7. 
Acetate migration was observed in both abiotic tests. In about 81 h, the concentration of acetate almost 
halved in CC2 and approximately 50% of the acetate had migrated to CC1 and 2% to the anode 
chamber AC1 (batch A, Figure 32A). A similar reduction of acetate in CC2 was observed in batch B, 
resulting in about 46% of the injected acetate being transferred to CC1 and 6% to AC1 (Figure 32B), 
proving that the dual-cathode electrochemical system and the particular operations were effective at 
transferring acetate from CC2 to CC1 through the AEM to make it available for solventogenesis once 
a suitable microbiome is used (see below). 
The faith of ethanol was also assessed in batch B (Figure 32B). Of the 72 mM-C initially added into 
CC1 at the beginning of the batch, only 53% were measured after 91 h, while less than 2% and 19% 
were observed in AC1 and CC2, respectively, leaving about 26% of the ethanol unaccounted for. 
Since the connection between CC1 headspace and CC2 medium-recirculation loop was only included 
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in batch D, we conclude that the unaccounted ethanol was removed from CC1 by H2 stripping, while 
21% diffused into the adjacent chambers due to the non-ideal selectivity of the ion-exchange 
membranes leading to the permeation of non-charged molecules such as ethanol, driven by a 
concentration gradient.329 It is important to note that anions other than acetate competed for charge 
transport across the AEM between CC2 and CC1. Due to the use of CO2 for pH control in CC2, high 
levels of bicarbonate ions were also expected (>80% of the total inorganic carbon at the setpoint pH 
of 6.9), which likely migrated to CC1.330 
 
 
96 
Figure 32: Production and migration of carboxylates and alcohols in the dual-cathode microbial electrosynthesis reactor. 
Abiotic batch A: acetate was added in CC2 to analyze its migration to CC1. Abiotic batch B: ethanol was added in CC1 
and acetate was added to CC2 to analyze the simultaneous migration of ethanol and acetate across the membranes. Batch 
C with biotic CC2: no external addition of acetate or ethanol to evaluate the microbial electrosynthesis of acetate in CC2 
and its migration to CC1. Batch D with biotic CC1 and CC2: no external addition of acetate or ethanol to demonstrate the 
microbial production of acetate, solventogenesis for alcohol production and carbon-chain elongation for the synthesis of 
C4 and C6 compounds as well as the migration of products across the membranes. CEM: cation exchange membrane; 
AEM: anion exchange membrane. 
 
The charge efficiency (CE) for carboxylate production was greater than 54% taking into account the 
current of the CC2 cathode only. If both cathodes were considered as electron sources for microbial 
production, a combined CE of 22% is calculated (Table A6 appendix, current profiles are shown in 
the appendix Figure A8). The decrease in CE reflects the usage of the applied voltage not only for 
MES but additionally for pH regulation in the reactor system. Additionally, a loss in electron recovery 
is likely present by unused H2 that was probably vented out of the system (Figure A9 appendix).
2 
It is also worth noting the absence of any longer chain carboxylates or alcohols in the two abiotic 
batches, which provides evidence to the fact that acetate and ethanol cannot be produced or elongated 
by electrocatalysis alone under the given experimental conditions. 
Accordingly, in batch C, CC2 was inoculated with an active microbiome performing electrosynthesis 
from CO2. The results show that acetate reached levels of up to 322.1 mM-C (9.50 g L
-1) at the end 
of the batch (day 54), with a maximum production rate of 15.6 mM-C day-1 (0.46 g L-1 day-1) (Figure 
32C and Figure A7). Not surprisingly, acetate migration across the AEM was also observed and was 
responsible for the transfer of more than 55% of the acetate produced in CC2 at a migration rate of 
8.8 mM-C day-1 (0.26 g L-1 day-1), resulting in acetate levels in CC1 of up to 421.7 mM-C (12.4 g L-
1) at the end of the batch. In addition to acetate, small titers of C4 carboxylates (butyrate and iso-
butyrate) were also observed in CC2 (5.7 mM-C, equal to 0.50 g L-1) and in CC1 (6.4 mM-C, equal 
to 0.56 g L-1) (Figure 32C). The absence of significant levels of carboxylates with C content higher 
than 2 suggests that chain-elongation was not an active microbial process in CC2, this is likely due 
to the absence of ethanol produced by microbial solventogenesis in abiotic CC1 during this test. 
Hence, during batch test D, cathode CC1 was also inoculated with the same active microbiome used 
to inoculate CC2 in batch C. Figure 2D shows that a larger product diversification was observed 
during this test. In addition to the acetate observed in CC2, confirming the same homeacetogenic 
functionality observed in the previous batch, ethanol was now observed in CC1, likely linked to the 
microbial solventogenesis of the acetate (migrated from CC2 as per previous batch tests) promoted 
the acidic conditions of cathode CC1.149 It is reasonable to assume that part the ethanol produced 
reached CC2 by diffusion across the AEM, according to the observations made in abiotic batch B. In 
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addition, ethanol could also be transferred to CC2 by gas stripping as a connection between the 
headspace of CC1 and the liquid in CC2 was included during batch D (Figure 13 and 31). The 
simultaneous presence of ethanol and acetate in CC2, under the neutral pH conditions at which CC2 
was operated, could trigger the production C4 and C6 carboxylates via reverse beta-oxidation 
pathway. In fact, levels of 15.1 mM-C (1.33 g L-1) isobutyrate, 16.9 mM-C (1.49 g L-1) butyrate, and 
2.3 mM-C (0.27 g L-1) caproate were observed in CC2 (Figure 32D). Similar levels of C4-C6 
carboxylates were also observed in CC1, probably due to electromigration from CC2, and possibly 
deriving from chain elongation reactions, which can also occur under mildly acidic conditions, though 
at sub-optimal activity levels.149 Interestingly, production of C4-C6 alcohols was also observed 
indicating that the pH conditions in CC1 triggered the solventogenesis of the C4-C6 carboxylates in 
addition to acetate, yielding 3.7 mM-C (0.33 g L-1) isobutanol, 9.3 mM-C (0.82 g L-1) butanol and 
0.9 mM-C (0.11 g L-1) hexanol and proving that the electrochemical system promotes the formation 
of higher alcohols as well. The overall CE for carboxylate production was 43% taking both cathodes 
into account (Table A6 appendix, current profiles are shown in the appendix Figure A8). 
 
4.4.3 Conclusions 
This research introduces an innovative three-chamber bio-electrochemical reactor with dual-cathodes 
that enables for the first time simultaneous acetogenesis, solventogenesis and carbon chain-elongation 
for the production of carboxylates and higher alcohols from CO2 and electricity simultaneous in a 
single reactor at optimal pH conditions. The use of ion-exchange membranes and the peculiar dual-
cathode configuration allows for the processes of homoacetogenesis and carbon chain-elongation, 
both requiring neutral pH conditions, to be physically separated from the process of solventogenesis, 
requiring mildly acidic pH conditions. Chemical-free control of the pH of the cathode chambers was 
obtained by CO2 sparging of the outermost cathode chamber, and by fine tuning of the 
electrochemical potential of the two cathodes. The latter process also driving the electromigration of 
the substrates between the chambers. 
While the production rates obtained in this study warrant further optimization to achieve levels 
required for practical implementation of the MES technology, the possibility to operate an 
electrochemical systems with multiple, electrically-independent compartments to suit the particular 
requirements of biocatalytic processes, will certainly expand our current horizon of applications of 
microbial electrochemical technologies. 
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Chapter 5.  General discussion of research outcomes  
The overall aim of this thesis is to analyze MES as a sustainable technology for bioproduction of 
valuable chemicals, and obtain a better understanding of the novel concept of providing 
microorganisms with an electrode as an electron sink or donor to drive a target microbial production 
route. 
In every primary MET the microbial interaction with the electrode plays the key role in such a 
bioprocess and determines its efficiency.10, 133, 168 However, the underlying mechanisms how 
microorganism exchange electrons with an electrode are still not fully understood. In this light, the 
first RO aimed at gaining a better knowledge about microbial interactions with the electrode by 
analyzing the diversity of electron transport chain pathways given by nature and indicating important 
key player molecules in such mechanisms. The right choice using an anode as an electron sink or a 
cathode as an electron source to improve a bioproduction process, strongly depends on the substrate, 
target product and metabolic production route. While RO2 targets to establish an anodic process, RO3 
aims to demonstrate the benefits of a cathodic process. Furthermore, METs have the potential to 
improve a bioproduction process not only directly by microorganisms-electrode interaction, but also 
indirectly by electrochemical pH control and product extraction, which was the challenge of RO4. 
The main research outcomes addressing all ROs introduced in chapter 2 are summarized 
schematically in Figure 33. 
In chapter 4.1 addressing the first RO, we analyzed the EET mechanisms of not only well-studied 
metal-respiring microorganisms such as Geobacter and Shewanella, and of acetogens, which have 
the capacity tp reduce CO2 into acetate, but also of typical industrial bacteria such as E. coli and C. 
glutamicum. In particular, we analyzed how microbial electron exchange with an electrode can 
influence their metabolic redox and energy state with regards to MES approaches. This chapter is a 
purely theoretical study. However, such a study is important as it emphasizes which aspects need to 
be considered when an oxidative or reductive MES process is designed. 
 
Oxidative MES. Some microorganisms such as Geobacter and Shewanella have been identified as 
excellent current producers showing highly flexible electron transport mechanisms transferring 
electrons to external electron acceptors.144 However, besides producing electricity, their capacity to 
produce valuable and industrial relevant chemicals is narrow. On the other hand, bacteria, which are 
established as industrially cell factories for the production of commodity chemicals, show limited 
capacities to use an anode as the final electron acceptor. To address this issue, researchers have 
proposed approaches to enable bacterial electron transfer to an electrode by cloning genes of 
electroactive microorganisms for EET into non-electroactive organism or by the supply of artificial 
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Figure 33: Illustrative overview of main research outcomes linked to the research objectives (ROs)). e- = electrons; EET = extracellular electron transport; M = mediator; MET = 
microbial electrochemical technology; microbial electrosynthesis (MES); P = product; S = substrate; ox = oxidized; red = reduced. 
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electron carrier molecules allowing indirect EET.98 Following the later strategy, section 4.2 
(addressing RO2) demonstrates how the supply of the mediator ferricyanide enhanced anaerobic 
L-lysine production by C. glutamicum during anodic electro-fermentation. 
 
Reductive MES. While for an oxidative MES process a relatively high energy carbon-source (e.g. 
glucose or glycerol) is required, for reductive MES either a relatively high energy carbon-source or 
the highly oxidized gas CO2 can be used as a feedstock. In fact, several acetogens have been identified 
to use a cathode as a reducing power source and being able to convert CO2 into acetate.
7 CO2 is a 
highly abundant greenhouse gas and its fixation would help to counter global warming and support 
the development of circular bioeconomy, thus makes reductive MES using CO2 as a feedstock of 
particular interest in this day and age.75 However, MES of acetate is not very attractive from 
economical point of view, and therefore MES needs to be advanced for production of chemicals with 
higher value than acetate, which was addressed in chapter 4.3 (covering RO3) by demonstrating the 
production of C4 and C6 carboxylates and the respective alcohols from CO2 by a mixed culture 
enriched with Clostridium spp. during reductive MES. 
 
Electron transfer to the mediator and anodic influence on microbial redox and energy state. Important 
in an oxidative as well as in a reductive MES is to understand how the electrode influences the cellular 
metabolism, in particular, the redox and energy state. In the anodic electro-fermentation experiments 
using C. glutamicum for anaerobic L-lysine production, the L-lysine yield was not increased 
compared to anaerobic conditions without supply of external electron sink. But the mediated anodic 
bioprocesses allowed the complete consumption of glucose at higher rates. Additionally, the 
production rates of organic acids (lactic, acetic and succinic acid) and L-lysine were increased and 
anaerobic growth was enabled. We assume that such anodic process supports the oxidation of the 
NADH pool in a cell and recovers NAD+, which is required in the Embden-Meyerhof-Parnas pathway 
for anaerobic glucose metabolization to pyruvate (Figure 26).58, 153 This assumption was supported 
by the observation of increased glucose uptake rates and sequentially enhanced biosynthesis of 
observed products (Table 3). However, a shift in the NAD+/NADH ratio remains to be tested. 
Chapter 4.2 discusses as well the mechanisms how cells potentially transfer electrons to the mediator. 
If we assume the lipid bilayer membrane is a barrier for the hydrophilic oxidant ferricyanide, the only 
scenario that could support ATP synthesis by ATPase through the creation of an electrochemical 
proton gradient across the membrane, would be the electron transport chain through the terminal 
cytochrome super complex (Figure 25).300 Such an anodic process would contribute about 12.6% of 
additional energy to the cells per 1 mol of passed electrons to the anode (for detailed discussion see 
section 4.2.2). However, this additional theoretical energy contribution is relatively small and does 
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not explain the observed doubling of biomass, which indicates a regulatory process (e.g. as discussed 
above, intracellular NAD+/NADH ratio) might be at play causing improved growth. 
 
Electron uptake from the cathode and cathodic influence on microbial redox and energy state. In the 
reductive MES experiments (section 4.3), the reducing equivalents to transform CO2 into 
multicarbons were provided by a cathode. The reducing equivalents were taken up by the 
microorganism either in form of electrochemically or bioelectrochemically produced H2 or 
potentially directly as electrons from the cathode (Figure 29A).79 In fact, we assume that the MES 
process was H2 mediated, because H2 was continuously available during reactor operation confirmed 
by H2 presence in the reactor headspace (Figure A2, supporting information). In the first phase, CO2 
and H2 were converted into acetate by Clostridium spp. (dominated genus in the mixed culture, Figure 
A5, supporting information) via Wood–Ljungdahl pathway by the following reaction: 
4𝐻2 +  2𝐶𝑂2 → 𝐶𝐻3𝐶𝑂𝑂
−  +  𝐻+  +  2𝐻2𝑂          Eq. (5) 
In this pathway, one ATP is consumed in the step of formyltetrahydrofolate synthase and one ATP is 
generated by acetate kinase reaction (Figure 29B).87 Therefore, this pathway does not support energy 
generation via substrate-level phosphorylation. Nevertheless, Clostridia are able to grow 
autotrophically, which indicates that the pathway must be coupled with a chemiosmotic mechanism 
that provides additional energy. In fact, the reaction above (Equation 5) is thermodynamically 
favorable with a Gibbs free energy change of -75 to -95 kJ mol-1, which can support the synthesis of 
1-2 mol ATP via chemiosmosis.237 
In the next phase, acetate was reduced to ethanol via solventogenesis to prevent accumulation of 
acetate in protonated form (acetic acid) at mildly acidic pH, which would inhibit microbial 
metabolism (see section 4.3.1 for details). The presence of acetate and ethanol promotes the stepwise 
production of C4 and C6 carboxylates via carbon chain elongation (reverse beta-oxidation, Figure 
29B):  
6𝐶𝐻3𝐶𝐻2𝑂𝐻 +  4𝐶𝐻3𝐶𝑂𝑂
− → 5𝐶𝐻3(𝐶𝐻2)2𝐶𝑂𝑂
−  + 𝐻+  +  2𝐻2 + 4𝐻2𝑂 Eq. (6) 
6𝐶𝐻3𝐶𝐻2𝑂𝐻 +  5𝐶𝐻3(𝐶𝐻2)2𝐶𝑂𝑂
− → 𝐶𝐻3𝐶𝑂𝑂
− + 5𝐶𝐻3(𝐶𝐻2)4𝐶𝑂𝑂
−  + 𝐻+  +  2𝐻2 + 4𝐻2𝑂 
Eq. (7) 
Both reactions (Equations 6 and 7) result in an overall net Gibbs free energy change of ca. -185 kJ 
mol-1, which can support the generation of 2-3 mol ATP.331 
In fact, it was suggested that the chemiosmosis processes is supported by the membrane-bound 
Fd:NAD+ oxidoreductase (Rnf complex, Figure 16B). In this complex the electrons from reduced Fd 
are transferred to NAD+ to form NADH and the gained energy is used to build up a proton gradient 
over the membrane for ATP synthesis (see section 4.1.3 for details).252 
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Benefits of using pure and mixed cultures for MES. While oxidative MES was performed by a pure 
culture, a mixed microbiome community was the choice of biocatalyst for the reductive MES 
experiments. Both strategies using a pure or a mixed culture show different benefits.57, 98 Pure culture 
fermentation can achieve higher product selectivity and thus higher product yields. Especially C. 
glutamicum, was highly metabolically engineered in several studies for optimized production of 
L-lysine.332 Such optimized mutants could also be tested for anaerobic MES approaches. 
Furthermore, well-developed engineering tools exist for this bacterium, which allow constructing 
improved mutants for advanced anodic electro-fermentation performance.282 On the other hand, 
mixed culture allow to work under non-sterile conditions and support the use of a broad spectrum of 
carbon feedstock.57 In section 4.3 we demonstrated the synergistic benefits of a mixed culture 
achieving an expansion of the product spectrum from the typical product acetate to C4 and C6 
carboxylates and their corresponding alcohols. Similar approach was demonstrated by a defined co-
culture of C. ljungdahlii (performing acetogenesis and solventogenesis) with C. kluyveri (elongating 
the produced acetate and ethanol to longer carboxylates via reverse beta-oxidation).71, 312 
 
Secondary METs for optimized control of culturing conditions. The final subchapter of research 
outcomes (section 4.4) shows that METs has the potential not only to directly enhance a 
bioproduction processes by providing microbes with an electron sink or donor (primary METs), but 
also indirectly by electrochemically driven product extraction and pH regulation (secondary METs).9 
We designed an innovative integrated microbial electrosynthesis reactor with three chambers 
including two biocathodes, which provided optimal pH conditions for acetogenesis/carbon chain-
elongation (neutral pH) and solventogenesis (mildly acidic pH) with zero-chemical addition, except 
for CO2. In fact, the pH in the three-chamber BES was controlled by gassing the outer cathodic 
chamber with CO2 and by alternately poising a negative working potential in each cathodic chamber 
(for details see section 4.4.2). The outer cathode chamber drove the production of carboxylates from 
CO2 at neutral pH, which were sequentially transferred via electromigration into the middle cathode 
chamber and converted into alcohols at a mildly acidic pH. This process resulted in C2, C4 and C6 
alcohols production and accumulation in the middle cathode chamber. The presented study shows 
how primary and secondary METs can be combined to gain synergetic benefits for enhanced 
production of target chemicals. 
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Chapter 6.  Conclusions and future perspectives  
 
6.1 Main conclusions 
This thesis analyses METs in regards to bioproduction of valuable chemicals and fuels. First, in a 
theoretical study, we screened for candidates as potential biocatalyst for MES processes. In particular, 
we characterized in detail their natural electron transport chain pathways and how their redox and 
energy state can be influenced by an electrode in a BES. Thereby, we highlighted which important 
redox-active molecules play a key role in oxidative and reductive MES processes. In conclusion, 
some microorganisms can outperform others in transferring electrons to an anode (e.g. Geobacter and 
Shewanella), but have limited abilities to synthesise valuable products. On the other hand, industrially 
established microorganisms need to be metabolically engineered or require supply of artificial 
mediators to facilitate microbial interaction with the electrode. For reductive MES, acetogens are of 
particular interest due to their capacities of transforming the greenhouse gas CO2 into industrially 
relevant products using the cathode as the sole reducing power source.  
Based on the outcomes of this study, we established an oxidative and a reductive MES process. We 
found out, that ferricyanide mediated anodic electro-fermentation enhanced the glucose consumption, 
organic acid and L-lysine production of C. glutamicum under anoxic conditions. Such an approach 
can support the development of an anaerobic production of amino acids platform and thereby saving 
energy and costs compared to aerobic applications. 
In the reductive MES process, we cultivated a mixed microbiome community fed with CO2 as the 
sole carbon source at a pH of 5 in a two-chamber BES. Mildly acidic pH conditions drove the 
reduction of the primary product acetate to ethanol via solventogenesis. Sequentially, acetate and 
ethanol were further elongated to C4 and C6 VFAs via reverse beta-oxidation. This achievement 
shows how potentially the economical feasibility of reductive MES can be improved by synthesizing 
higher and more industrial relevant products than the typical product acetate. 
Furthermore, we demonstrated how primary and secondary METs can be combined for synergetic 
benefits. A novel design of a three-chamber microbial electrosynthesis system with dual cathode-
chambers and its specific operation of alternating control of the electrochemical potential of the two 
cathodes, enabled simultaneously two desired fermentation conditions with different pH conditions 
for optimal carboxylate production via acetogenesis and carbon chain-elongation at neutral pH and 
reduction of the extracted carboxylates into the respective alcohols via solventogenesis at mildly 
acidic pH. 
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This work presents the great potential of MES as a sustainable biotechnology for synthesis of valuable 
products. It contributes knowledge on a fundamental as well on an engineering level to the field of 
MET for a better understanding of MES. At the same time, this research highlights the weaknesses 
of MES. The production yields and rates are so far too low to integrate this novel technology in real-
world application. Therefore, research, in particular, toward a better understanding of EET is needed, 
which will help to identify rate-limiting steps. This will support the development of strategies how to 
enhance the electron transfer between microorganism and electrodes and thereby, advance MES. In 
addition, highly valuable chemicals with a high market demand need to be targeted as MES products 
to make this emerging biotechnology more economically attractive. 
 
6.2 Future perspectives 
This work highlights the great potential of MES as an innovative technology for sustainable 
production of valuable chemicals. However, many barriers need to be overcome before this 
technology can be lifted to an industrial level, in particular, production yields and rates need to be 
increased, while production costs have to be decreased. 
The production rates highly depend on an efficient electron transfer between microorganisms and 
electrode. Therefore, the EET mechanisms need to be studied in depth to gain a better understanding 
of how the microbial interaction with the electrode can be improved, which is the first prerequisite to 
be able to optimize the overall production process. Moreover, in such instance, also the electrode 
properties play an important role. The electrode material must be biocompatible, needs to catalyze 
efficiently fast electron transfer, must have a high electrochemically active surface area and its cost 
has to be relatively low.130, 333 Further, the production rates can be improved by ensuring continuous 
supply and high availability of the substrate. In the case of a gaseous substrate as in the reductive 
MES experiments, the CO2 supply can be improved by using a gas diffusion electrode, which will 
increase the substrate availability by minimizing mass transfer.96 In addition, the production rates and 
yields, can be enhanced by in-line extraction, which can assure the double advantage of preventing 
product inhibition and enhancement of product synthesis.107, 325 
The economical feasibility of MES can be improved by targeting the production of chemicals with a 
high economical value, a high industrial relevance and great market size. Recently, a comprehensive 
economic feasibility study was performed by Christodoulou et al, demonstrating that MES of several 
products can be financially positive.75 However, the scale-up of BESs remains to be a challenge due 
to the requirement of high electrode surfaces to ensure supply of reducing power for the microbial 
catalysts.130 
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Furthermore, based on the research outcomes of this thesis, the following recommendations for future 
research are proposed: 
 
Oxidative MES 
The anodic electro-fermentation enhanced the anoxic character of C. glutamicum by enabling 
anaerobic growth and by increasing anaerobic production of amino acids. The oxidative MES 
experiments were performed in 350 mL customized BES reactors and a 2.4 L commercial fermentor 
modified for MES. Despite using a defined and well characterized modified electrobioreactor with 
optimal mixing conditions of the medium and mediator versus a custom made electrobioreactor with 
non‐defined mixing by a magnetic mixer, no increased production rates were measured. This indicates 
that anodic electro‐fermentation of lysine and organic acids might not be limited by the BES setup 
but rather by the biocatalysis of the cells. 
A strategy to understand better how mediated anodic electro-fermentation influences the cellular 
metabolism is to measure the NAD+/NADH ratio and ATP yield in a cell and compare the results 
with a control lacking the supplement of an external electron acceptor. 
In previous studies, mutants of C. glutamicum have been constructed lacking the genes for the 
expression of cytochrome enzymes in the respiratory pathway,303 which can also be used in oxidative 
MES experiments to analyse which enzymes play a key role in the cellular interaction mechanism 
with the mediator (for details see section 4.2.2 and Figure 25). Then, the identified important enzymes 
for oxidative MES, could be potentially overexpressed to improve the electron exchange with the 
anode and consequently to enhance production rates. 
An increase in L-lysine yield might be achieved by knockout of the genes required for expression of 
the lactate dehydrogenase enzyme, which is needed to recycle NAD+ by producing lactate (main 
product under anaerobic conditions, for details see section 4.2.2 and Figure 26), but could also 
potentially be recovered by the anode. In this way, the carbon flow might be redirected into the 
L-lysine synthesis instead into lactate production. 
This study demonstrates how anodic electro-fermentation can be used as a tool to enhance anaerobic 
production of a target chemical and is a motivation for researchers to test further industrial relevant 
microorganisms for anodic electro-fermentation. 
 
Reductive MES 
In the reductive MES studies, we achieved a diversification of the product spectrum from the typical 
product acetate towards C4 and C6 carboxylates and their corresponding alcohols, which have higher 
economical values as compared to acetate and are also relevant platform chemicals and fuels used on 
a diverse array of industrial applications. However, production of one single target compound would 
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be more ideal for an industrial bioprocess compared to the production of a complex mixture of C2-C6 
carboxylates and alcohols as obtained in this study, which lowers the yield of the target product and 
complicates its purification. 
A strategy to target the production optimization of one particular product could include a continuous 
inline extraction of this compound, which can assure the double advantage of preventing product 
inhibition and enhancement of product synthesis.107, 325 In fact, we established an extraction system 
for caproic acid (the most valuable obtained product in the reductive MES studies) in a collaborative 
project in our laboratory (data not shown). In this system, caproate was extracted via electromigration 
into a chamber with a pH below 2 via an original arrangement of ion-exchange membranes. 
Sequentially, protonated caproic acid spontaneously separated into an oil phase because of its high 
hydrophobicity, which resulted in a product purity higher than 70%. In this work, we demonstrated 
an offline extraction of caproic acid from a BES broth. The next step needs to include the coupling 
of the novel extraction system with a continuous MES process to enable inline extraction of caproic 
acid. 
Another strategy to minimize side-reactions of undesired microorganism in the mixed culture 
community is to isolate pure cultures from the microbial community, which are responsible for the 
production of the target compound. In fact, such isolation studies are under progress in a collaboration 
project (data not shown). In that way, we might be able to construct a defined co-culture and provide 
optimized cultivation condition to enhance the production of the desired chemical. In addition, the 
defined co-culture will be easier to characterize and enable opportunities for metabolic engineering. 
 
Secondary METs 
The dual-cathode microbial electrosynthesis reactor demonstrates the conversion of CO2 into 
carboxylates at neutral pH, product extraction into a chamber at mildly acidic pH and subsequent 
product conversion into the corresponding alcohols with zero-chemical addition. This novel three 
chamber approach presents a promising platform technology using pure or defined mixed cultures. 
For instance, instead of co-culturing C. autoethanogenum with C. kluyveri in one reactor vessel as 
described previously by Riechter et al. and Haas et al. facing the discrepancy of optimum pH for 
carboxylate and alcohol production, both strains could be grown in the cathode chamber with neutral 
pH as a defined co-culture for acetogenesis and carbon-chain elongation, while the alcohol production 
could be catalyzed by C. autoethanogenum as pure culture in the chamber with mildly acid pH.71, 312 
Furthermore, the novel BES could be applied in acetone-butanol-ethanol or hexanol-butanol-ethanol 
fermentation from glucose or CO2 with C. acetobtylicum or C. carboxidivorans, respectively.
334 
Instead of a two-step process changing the pH from ~7 to ~5, a continuous production of carboxylates 
and alcohols could be achieved including a continuous in situ extraction of carboxylates from the 
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chamber with the neutral pH into the chamber with mildly acidic pH. After the reduction of 
carboxylates into their respective alcohols, continous product extraction would be enabled via gas 
stripping, minimizing the effect of product inhibition and enhancing production of target compounds. 
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Figures 
 
 
Figure A1: Time courses of trehalose production by C. glutamicum lysC in a BES under 3 different conditions (section 
4.2): 1) With addition of K3[Fe(CN)6] and poised potential at +0.697 V vs SHE (blue circles). 2) With addition of 
K3[Fe(CN)6] but operated under an open circuit (orange squares). 3) No addition of K3[Fe(CN)6] and operated under an 
open circuit (green triangles). Grey area indicates time frame when glucose was consumed under condition 1). Data have 
been averaged from 4 biological replicates for each condition. 
 
 
Figure A2: The medium during reductive MES in the two-chamber BES (section 4.3) was periodically sparged with CO2, 
which was the sole carbon feedstock, and at the same time, it was used to regulate the pH of the medium. During three 
sparging periods (orange) and three non-sparging periods (blue), CO2 has been quantified in the reactor headspace via 
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GC, to prove that CO2 was continuously available for MES. The remaining gas percentage was measured as a gas mixture 
of H2 and N2. 
We confirm, that CO2 was continuously available during sparging periods (1-3 days) and non-sparging periods (1-3 days). 
If we assume that during each sparging event the medium at 35°C was saturated with CO2, then 25.11 mM of carbon 
(mM-C) could be dissolved in the medium.1 In that way, we achieved a conversion of CO2 into multi-carbon compounds 
reaching a total concentration of 125.6 mM-C in SB-I (excluding cell biomass), which increased over the course of the 
reactor operations to 422.6 mM-C in SB-VI (Table A2). 
 
 
Figure A3. VFA (A) and alcohol (B) production spectrums of an abiotic electrochemical control experiment (without 
inoculum of mixed culture, but poised cathode at -0.80 V) and a biotic open circuit control experiment (with an inoculum 
of mixed culture, but no applied voltage). CO2 was provided in both experiments sequentially as the sole carbon source 
and experiments were performed under the same conditions as the main experiments (section 4.3, Figure 28). At the 
beginning of the abiotic electrochemical control experiment, the sampling port of the reactor was sterilized with 70% v/v 
ethanol to keep the reactor sterile. At the start of the experiment (t0) 33 mM-C ethanol was measured in the reactor. 
According to the reactor volume (300 mL) 33 mM-C is equivalent to 0.38 mL 70% ethanol, which most likely got in the 
reactor due to sterilization of the sampling port. At the end of the semi-batch, no ethanol could be detected, probably due 
to evaporation of the introduced ethanol. Furthermore, the total organic carbon in both control experiments was below 1 
mM-C at the end of both semi-batches, proving that the production of multi-carbon compounds from CO2 required the 
supply of electrical energy as reducing power source as well as the presence of an appropriate biocatalyst, i.e., the 
microbes. 
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Figure A4. VFA (A) and alcohol (B) production spectrums of a BES inoculated with biomass from the primary reactor 
(see section 4.3) to demonstrate the reproducibility of MES performance in Figure 28. Four bioelectrochemical reactors 
(internal volume: 350 mL) similar to the main reactor but with smaller volume were connected fluidically in series. Each 
reactor was assembled as described in Figure S1 and contained a tubular cation exchange membrane (projected surface: 
225 cm2), ca. 60 mL graphite granules (working electrode), a 5 cm Pt wire (counter electrode) and a Ag/AgCl reference 
electrode in saturated KCl. Each anode chamber was filled with ca. 20 mL PPB solution and each cathodic chamber with 
220 mL low-buffered growth medium. The growth medium composition was the same as in the primary reactor, except 
that it contained in addition 1 g L-1 yeast extract. The medium was recirculated through each cathodic chamber of each 
reactor in series. Further, the CO2 feed was connected to the recirculation loop of the growth medium at a gas flow rate 
of 50 mL min-1. The potential of each working electrode was poised at -0.80 V. The reactors were inoculated with ca. 10 
carbon granules and 20 mL broth from the primary reactor into each cathodic chamber of the linked reactors after the last 
semi-batch (Figure 28). 
After 42 days of operation, the system obtained a product spectrum comparable with that observed in the main reactor at 
SB-IV (shown in Figure 28), proving that the electrosynthesis process could be reproduced. 
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Figure A5. Heat map of taxonomic distribution in the mixed culture used for reductive MES in the two-chamber BES 
(section 4.3). 10 most dominant genera and their relative abundance in percentage are given for planktonic cells (P) and 
biofilm cells (B) at the end of semi-batches III-VI (SB). Data was generated from metagenomics analysis using 
CommunityM. 
 
 
Figure A6. Principal component analysis (PCA) ordination summarizing variation in the microbial composition of the 
biofilm (green) and planktonic cell (blue) communities, and the variation of the ten most abundant genera (red, including 
biofilm and planktonic cell samples) between different semi-batches (SB) during reductive MES in the two-chamber BES 
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(section 4.3). The first component (PC1) explained 18% of the total variance, the second component (PC2) accounts for 
5% variance. 
 
 
Figure A7. Migration profile and product spectrum of the three-chamber microbial electrosyntehsis experiments (section 
4.4). Abiotic batch A: Added acetate in CC2 to analyze the transfer of acetate from CC1 into CC2. Abiotic batch B: 
Added ethanol in CC1 and acetate in CC2 to analyze the simultaneous migration of ethanol and acetate across the 
membranes. Batch C with biotic CC2: Biotic CC2, no addition of acetate or ethanol to analyze microbial electrosynthesis 
of acetate and product extraction. Batch D with biotic CC1 and CC2: Biotic CC1 and CC2, no external addition of acetate 
or ethanol to analyse microbial electrosynthesis of acetate and carbon-chain elongation for the synthesis of C4 and C6 
carboxylates in CC2 at neutral pH, and solventogenesis for alcohol production in CC1 at mildly acidic pH, and migration 
of all products across the membranes. The microbial production stagnated between the 24th and 31st day, most likely due 
to the limited supply of CO2 and H2 as shown in Figure A9. After re-inoculation and restoring the availability of CO2 and 
H2 on day 31, the carboxylate and alcohol production activity was stabilized again. 
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Figure A8. Cathodic current density profiles of the three-chamber microbial electrosyntehsis experiments (section 4.4). 
Values of electric current are converted into current density by normalizing the measured current to the projected surface 
area of the membranes (i.e. 100 cm2). Each cathode in the abiotic batch A (externally added acetate in CC2) and abiotic 
batch B (externally added ethanol in CC1 and acetate in CC2) was operated in chronoamperometric mode in repeated 
intervals of applying -0.80 V in CC1 for 20 min, a 30 sec pause, applying -0.80 V in CC2 for 10 min and a 30 sec pause 
to analyse migration of only acetate (Figure 32A and A7A) and simultaneous migration of ethanol and acetate (Figure 
32B and A7B), respectively, across the ion-exchange membranes. In batch C (biotic CC2) the voltage in CC1 was 
decreased to -0.85 V to enable a better regulation of the pH in CC1. The poised cathode in CC2 enabled microbial 
electrosynthesis of acetate from CO2 and product migration from CC2 into CC1 (Figure 32C and A7C). In batch D (biotic 
CC1 and CC2) the applied voltage was changed in value and applied time in CC1 between -0.85 and -0.90 V, and 20 and 
25 min, respectively, while in CC2 those parameters were varied between -0.80 and -0.85 V, and 5 and 10 min, 
respectively. These adjustments resulted in a stable mildly acidic pH in CC1 for microbial catalyzed alcohol production 
and neutral pH in CC2 for microbial catalyzed carboxylates production with zero-chemical addition except for CO2 
(Figure 32D and A7D). 
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Figure A9. Gas analysis of the reactor headspace in batch D in the three-chamber experiments (section 4.4). Weekly gas 
samples from the headspace of CC2 were analyzed via GC (for sdetails see materials and methods section 3.6.5) to 
monitor H2 production, CO2 supply and CH4 inhibition. At the beginning of the experiment, the medium and the reactor 
system were sparged with N2 to achieve anaerobic conditions. The gas outlet of CC2 was connected to a gasbag filled 
with N2 (Figure 13). H2 evolution was catalyzed electrochemically or bioelectrochemically at the cathode in CC1 and 
CC2 to regulate the pH and supply the microorganisms with reducing equivalents for microbial electrosynthesis.2 CO2 
was not only the sole carbon feedstock, but was also used as a pH regulation agent. The CO2 supply in CC1 was regulated 
by the BIOSTAT® B depending on the pH in CC1 (see section 4.4). CO2 dissolved in water as carbonic acid (H2CO3) 
and dissociated predominantly into bicarbonate (HCO3-) at neutral pH (CC2), which was transferred via electro-migration 
into CC1. The low pH in CC1 shifted the equilibrium of the bicarbonate buffer system towards CO2, which escaped the 
chamber in gaseous form and entered the medium recirculation-loop of CC2 to be recycled (Figure 13 and 31). The total 
provided CO2 and the yield of the total produced multi-carbon compounds from CO2 are given in Table A6. 
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Tables 
 
Table A1: Relative PP pathway flux in lysine producing C. glutamicum strains grown on glucose (section 4.2). The 
calculation of the lower flux boundary is based on the labelling data of lysine producing C. glutamicum genealogy 
from previous work (LYS-1 to LYS-12).332 The relative flux into the oxidative PP pathway (νZwf) is taken from the 
13C metabolic flux analysis conducted in the previous study. The mean correlation factor (f) obtained was 1.49. 
Strains 
νZwf,lb 
[%] 
νZwf 
[%] 
f 
LYS-1 36.1 56.2 1.56 
LYS-2 41.2 62.2 1.51 
LYS-3 41.0 60.2 1.47 
LYS-4 43.1 62.1 1.44 
LYS-5 39.8 57.2 1.44 
LYS-6 43.4 64.8 1.49 
LYS-7 42.5 61.4 1.44 
LYS-8 40.4 59.0 1.46 
LYS-9 41.7 64.0 1.54 
LYS-10 45.7 70.2 1.54 
LYS-11 48.8 75.6 1.55 
LYS-12 57.4 83.6 1.46 
 Ø 1.49 
 
 
Table A2: Main parameters of reductive MES experiments in the two-chamber BES by a mixed culture (section 4.3). 
Summary of consumed charge in proportion to biosynthesized products in semi-batches I-VI. In addition, the highest 
titers and volumetric production rates are provided for each produced VFA and alcohol. 
 Semi-batches 
I II III IV V VI 
Total organic carbon 
[mM-C]* 
 
125.60 167.56 198.61 221.55 289.63 422.55 
Covered organic 
carbon [%] 
 
111.81 82.21 87.24 96.112 115.24 89.4 
Consumed charge at 
the end of a SB [MC] 
 
1.05 0.97 1.10 0.60 0.73 0.57 
Charge Efficiency [%] 
 
7.05 10.35 10.18 22.15 18.47 44.02 
Chosen time period** 
for charge efficiency 
calculation [days] 
 
0-36 71-154 172-253 274-311 325-392 392-451 
        
Highest titers 
[mM-C] 
Compounds  
Acetic acid 90.43 102.43 105.24 100.71 93.67 165.01 
Ethanol 56.11 18.60 14.12 8.05 21.16 18.99 
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Butyric acid 16.04 37.30 56.42 73.07 88.08 142.79 
Butanol 9.12 20.78 18.33 14.79 38.34 43.99 
Isobutyric 
acid 
30.02 55.52 45.12 59.57 55.75 74.12 
Isobutanol 9.80 4.47 3.84 3.27 8.75 11.25 
Caproic acid 1.28 5.32 27.85 14.65 19.81 64.16 
Hexanol - - - 2.35 7.48 12.76 
Volumetric production 
rates  
[mM-C day-1] 
Acetic acid 4.94 2.26 1.74 6.10 3.70 4.77 
Ethanol 2.14 0.58 0.65 - - - 
Butyric acid 0.27 1.61 1.14 2.54 2.51 3.31 
Butanol 0.25 0.80 0.48 1.20 0.92 2.00 
Isobutyric 
acid 
1.20 1.96 1.28 2.71 0.97 1.93 
Isobutanol - 0.20 0.08 0.14 0.22 0.36 
Caproic acid - 0.38 1.30 0.72 0.41 2.02 
Hexanol - - - 0.20 0.36 0.50 
Chosen time period 
for volumetric rates 
calculation  
[days] 
Acetic acid 1-16 83-119 172-213 276-290 325-343 392-416 
Ethanol 8-33 
127-
154 
213-234 - - - 
Butyric acid 8-36 
133-
147 
217-253 287-311 335-360 402-438 
Butanol 16-50 
130-
154 
220-256 297-308 339-374 423-444 
Isobutyric 
acid 
16-36 
127-
147 
224-245 290-308 335-381 410-435 
Isobutanol - 
142-
158 
241-260 301-315 350-381 423-451 
Caproic acid - 
140-
150 
231-249 297-311 343-378 427-455 
Hexanol - - - 297-308 353-374 423-448 
*excluding produced biomass 
**chosen time period: from the beginning of a SB until maximum charge recovery has been reached 
 
 
Table A3: Biomass-specific glucose consumption and productivity rates of anaerobic glucose fermentation of C. 
glutamicum lysC in a BES under different conditions (section 4.2): 1) With addition of K3[Fe(CN)6] and poised 
potential at +0.697 V vs SHE. 2) With addition of K3[Fe(CN)6] but operated under an open circuit. 3) No addition of 
K3[Fe(CN)6] and operated under an open circuit. 4) With addition of K3[Fe(CN)6], poised potential at +0.697 V vs 
SHE and high start inoculum. 
 
1.5 mM 
K3[Fe(CN)6], 
+0.5 V 
1.5 mM 
K3[Fe(CN)6], 
open circuit 
no mediator, 
open circuit 
1.5 mM 
K3[Fe(CN)6], 
+0.5 V, high 
inoculum 
Glucose consumption rates 
[mmol g-1 CDW h-1] 
0.65 ± 0.01 0.45 ± 0.14 0.46 ± 0.07 0.46 ± 0.001 
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Production rates 
[mmol g-1 CDW 
h-1] 
lactate 0.65 ± 0.03 0.61 ± 0.07 0.56 ± 0.03 0.53 ± 0.02 
succinate 0.13 ± 0.01 0.09 ± 0.02 0.11 ± 0.005 0.08 ± 0.03 
acetate 0.08 ± 0.02 0.04 ± 0.01 0.04 ± 0.01 0.01 ± 0.002 
electrons 0.16 ± 0.02 - - 0.07 ± 0.03 
Production rates 
[µmol g-1 CDW h-
1] 
lysine 23.62 ± 1.52 19.79 ± 5.35 22.51 ± 2.57 27.05 ± 1.06 
alanine 5.92 ± 0.81 3.64 ± 1.05 4.84 ± 0.21 15.03 ± 0.78 
glycine 0.36 ± 0.04 0.69 ± 0.41 0.81 ± 0.24 3.14 ± 0.58 
 
 
Table A4: Statistic tests to compare the main parameters of anaerobic glucose fermentation of C. glutamicum lysC in 
a BES under 3 different conditions (section 4.2): With addition of K3[Fe(CN)6] and poised potential at +0.697 V vs 
SHE (E). With addition of K3[Fe(CN)6] but operated under an open circuit (A). No addition of K3[Fe(CN)6] and 
operated under an open circuit (B). T-tests have been performed via Microsoft Excel (data set of 4 (4 replicates), 
distribution tails = 1, two-sample unequal variance) to prove the null hypothesis (no difference between the conditions). 
To reject the null hypothesis a probability value (p-value) of lower than 0.05 has been chosen (p < 0.05 → value in 
bold). 
 p-values 
  
Experi-
ment E 
Control 
A 
Control 
B 
E<->A E<->B A<->B 
Yields 
[molproduct 
molglucose-1] 
lactate 
1.10 1.75 1.25 
0.062 0.052 0.152 
1.11 1.14 1.19 
1.03 2.21 1.14 
1.03 1.26 1.55 
succinate 
0.22 0.28 0.24 
0.147 0.110 0.344 
0.23 0.22 0.23 
0.22 0.28 0.23 
0.21 0.20 0.34 
acetate 
0.11 0.13 0.05 
0.291 0.111 0.152 
0.10 0.10 0.11 
0.18 0.13 0.07 
0.11 0.10 0.13 
Yields 
[mmolproduct 
molglucose-1] 
lysine 
40.67 62.95 46.25 
0.044 0.113 0.495 
43.73 41.51 44.85 
40.86 52.41 43.20 
38.98 50.75 72.89 
alanine 
9.22 11.38 10.53 
0.055 0.001 0.0005 
9.24 5.52 9.95 
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8.28 11.76 9.55 
10.62 10.07 14.26 
glycine 
0.62 3.28 2.42 
0.417 0.00003 0.005 
0.57 0.63 2.05 
0.53 1.47 1.24 
0.62 1.95 1.62 
Glucose consumption rates 
[mmol g-1 CDW h-1] 
0.66 0.36 0.47 
0.031 0.005 0.457 
0.64 0.50 0.48 
0.66 0.30 0.52 
0.66 0.62 0.36 
Production 
rates 
[mmol g-1 CDW 
h-1] 
lactate 
0.66 0.60 0.53 
0.182 0.001 0.141 
0.64 0.60 0.57 
0.62 0.53 0.59 
0.67 0.70 0.55 
succinate 
0.13 0.09 0.10 
0.011 0.031 0.057 
0.12 0.10 0.11 
0.13 0.07 0.12 
0.14 0.11 0.12 
acetate 
0.08 0.05 0.03 
0.008 0.006 0.322 
0.07 0.04 0.05 
0.11 0.03 0.04 
0.08 0.05 0.05 
Production 
rates 
[µmol g-1 CDW 
h-1] 
lysine 
22.67 21.88 20.70 
0.125 0.245 0.203 
22.14 19.62 20.97 
24.18 12.52 22.12 
25.50 25.12 26.25 
alanine 
5.83 3.87 4.61 
0.008 0.037 0.052 
5.27 2.87 4.74 
5.48 2.81 4.98 
7.09 5.03 5.05 
glycine 
0.38 1.12 1.06 
0.00009 0.0003 0.321 
0.31 0.31 0.95 
0.34 0.35 0.63 
0.41 0.97 0.58 
 
 
Table A5: Labelling information of alanine from the anodic electro-fermentation 13C tracer experiments (section 4.2). 
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 Ala-260 
M 0.570 ± 0.016 
M+1 0.416 ± 0.015 
M+2 0.014 ± 0.001 
M+3 0.000 ± 0.000 
SFL 0.148 ± 0.006 
 
 
Table A6: Main parameters of the dual-cathode microbial electrosynthesis reactor (section 4.4). Summary of 
consumed CO2 and charge in proportion to biosynthesized products in batch C and D. 
 
Batch C Batch D 
CC1 CC2 CC1+2 CC1 CC2 CC1+2 
Consumed CO2 
[M-C] 
- - 374.88 - - 142.40 
Total organic carbon 
produced [mM-C]* 
447.86 346.30 794.16 368.49 294.44 662.93 
Yield [mM-Cproduced organic 
carbon/M-CCO2]* 
- - 2.12 - - 4.66 
Average current density 
[mA cm-2] 
-0.92 ± 
0.28 
-0.28 ± 
0.06 
- 
-0.40 ± 
0.18 
-0.24 ± 
0.15 
- 
Consumed charge 
[kC] 
430 130 560 190 110 300 
Charge Efficiency 
[%] 
12.71 54.21 22.34 28.57 66.69 42.54 
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Text A1: Analysis of the microbial community in the reductive MES experimetns using the two-
chamber BES (section 4.3) 
Figure A5 shows the taxonomic distribution of the ten most abundant genera (accounting for >90% 
of total relative abundant microbes) in samples of planktonic cells (i.e., cells floating in the liquid 
medium) and samples of biofilm cells (i.e., growing on the surface of the graphite granules) taken at 
the end of SB-III, -IV, -V, and VI. The variation in the composition of the microbial communities 
between the different SBs is displayed in the principal components analysis (PCA) plot shown in 
Figure A6. Organisms belonging to the genus Clostridium dominated the microbial community in the 
biofilm in SB III-VI with a relative abundance increasing from 27% in SB-III to 76% in SB-V, 
followed by a decrease in SB-VI to 45%. In SB-V and -VI, this genus became also dominant in the 
planktonic cell community, accounting for 59% and 32% of the planktonic cell culture, respectively 
(Figure A5). The prevalence of Clostridium spp. in our reactor microbiome is in agreement with the 
observed product spectrum (Figure 27B and C in chapter 4.3), as several Clostridium spp. such as C. 
ljungdahlii, have been frequently reported being capable of acetogenesis from CO2 in a BES 
environment.87 In addition, Clostridium spp. such as C. kluyveri are also known to produce longer 
chain carbon carboxylic acids, for example, butyric and caproic acids (and their corresponding 
alcohols) from syngas (CO, CO2, H2) or organic mixtures containing VFAs and ethanol via the reverse 
β-oxidation chain elongation pathway (Figure 27B and 1C, Figure 28B in chapter 4.3).314 
In SB-III and –IV the planktonic community was dominated by microorganisms belonging to the 
genus Rummeliibacillus with a relative abundance of 75% and 70%, whereas in the biofilm the 
relative abundance of this organism was 25% and 22%, respectively (Figure A5). However, in the 
following SBs the relative abundance of Rummeliibacillus spp. decreased strongly to 1.1% in the 
planktonic community and 0.2% in the biofilm in SB-VI. Rummeliibacillus spp. has been hardly 
described in the literature and their role in a BES is not known so far.335 But, due to their low 
abundance in SB-VI (best performing SB regarding achieved product titers), their role in MES might 
be less important or they have been outcompeted by Clostridium spp., which might have been able to 
provide similar or better MES capabilities. In Figure A6 Rummeliibacillus spp. showed the highest 
variation compared to other genera during the last four SBs. The relative abundance of that genus 
showed an opposite trend compared to the genus Clostridium, most likely due to the strong decrease 
of Rummeliibacillus spp. and an increase of Clostridium spp. in the reactor broth over the course of 
the BES operations. 
The third highest abundant microbes were assigned to a group of unclassified microorganisms with 
an increasing relative abundance from 8% and 11% in SB-III to 23% and 17% in SB-VI in planktonic 
cell and biofilm samples, respectively (Figure A5). The variation of the unclassified microorganisms 
was relatively low over the course of the reactor operations compared with Rummeliibacillus spp. and 
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Clostridium spp. (Figure A6), most likely due to the just slow increase in abundance from SB-III to 
–VI (Figure A5). 
On the other hand, the microorganisms belonging to the genus Leucobacter showed a high variation 
over the experimentation time and a different trend compared to Clostridium spp. and 
Rummeliibacillus spp. (Figure A6). This can be explained by the abundance of Leucobacter spp. 
being lower than 1% in SBs-III, -IV and –V and a sudden increase in relative abundance to 21% and 
3% in SB-VI in planktonic and biofilm samples, respectively (Figure A5). The high abundance of 
these microorganisms in a BES has not been reported, therefore their role in our BES is so far not 
clear. 
Microorganisms belonging to the genus Acetobacterium showed a relative lower variation compared 
to the genera Rummeliibacillus, Leucobacter and Clostridium in the PCA plot and their abundance 
varied between 1% and 12% over experimentation time in SB-III to –VI (Figure A5 and A6). Similar 
to Clostridium spp., Acetobacterium spp. have also been reported being capable of performing 
acetogenesis in a BES,87 which corresponds with the observation of acetate production in our reactor 
systems (Figure 27B). 
The further five most abundant genera in our microbiome showed a relatively low abundance (<10%) 
(Figure A5), indicating that microorganisms belonging to those genera might play a less important 
role in our BES. 
In general, the planktonic community in SB-III was relatively similar to the one in SB-IV, and the 
biofilm in SB-III was relatively similar to the one in SB-IV, indicating a low variation between SB-
III and -IV (Figure S6). Whereas, SB-V showed a greater variation from the previous SBs (Figure 
A6), likely due to the strong drop in relative abundance of Rummeliibacillus spp. and a growth in 
relative abundance of Clostridium spp. (Figure A5). Further, SB-VI differed strongly from all 
previous SBs (Figure A6), as the relative abundance of Clostridium spp. decreased again and the 
prevalence of Leucobacter spp. suddenly greatly increased (Figure A5). 
 
